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“I hear and I forget, 
I see and I remember, 
I do and I understand.”  
 
 
 
Confucius (551 BC - 479 BC) 
Chinese philosopher & reformer  
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Abstract 
 
 
Japan’s nuclear disaster has highlighted important inherent weaknesses regarding to the 
nuclear fuel behavior after shutdown in Light Water Reactors. The low thermal conductivity 
and the low fission products retention capacity of oxide fuel, combined with important 
amounts of zirconium in the clad, lead to an uncontrollably soon fuel failure after losing the 
coolant inside the core. 
 
The purpose of this thesis is to study the feasibility of replacing current oxide fuel used in Light 
Water Reactor with an alternative fuel that performs a better behavior under these accident 
conditions. The alternative fuel studied is the Fully Ceramic Micro-encapsulated (FCM) fuel 
based on the TRISO particles technology, which enhances safety after a loss-of-coolant 
accident because of its better thermal conductivity and fission products retention capability. 
The aim of the project is to compare the neutronics behavior and safety parameters between 
the current 17x17 Westinghouse fuel assembly and a new fuel assembly model, designed to 
replace the original but using FCM fuel. The analyses have been done using the SERPENT code, 
based in the Monte Carlo probabilistic methodology. 
 
The thesis is mainly divided in three stages. The first part involves the design of the fuel 
assembly models desired to benchmark, with especial attention to the description of the FCM 
fuel configuration, result of a compatibility study with the original. The second part is 
addressed to obtain all the simulation parameters decided to use for the following calculations. 
The last part is focused on analyzing the results obtained from these simulations, especially 
comparing the safety parameters between both fuel configurations. 
 
The final results show a better behavior of FCM fuel regarding to the neutronics under accident 
conditions. However, temperature feedbacks tend to be more positive with the new fuel, 
especially at the end of the cycle and with a significant concentration of boron in the water. 
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Resumen 
 
 
El desastre nuclear sucedido en Japón ha puesto de manifiesto debilidades inherentes muy 
importantes en relación al comportamiento del combustible nuclear después de parada en los 
reactores de agua ligera. La baja conductividad térmica y la poca capacidad de retener los 
productos de fisión por parte del óxido de uranio, combinado con importantes concentraciones 
de zirconio en la vaina, conducen a la falla incontrolablemente rápida del combustible después 
de perder el refrigerante en el núcleo. 
 
El objetivo de esta tesis es estudiar la viabilidad de remplazar el óxido de uranio usado 
actualmente por un combustible alternativo que presente un mejor comportamiento en 
condiciones de accidente.  El combustible alternativo estudiado es el combustible encapsulado 
Fully Ceramic Micro-encapsulated (FCM) basado en la tecnología de las partículas TRISO, que 
mejora la seguridad en caso de accidente de pérdida de refrigerante gracias a su mejor 
conductividad térmica  y capacidad de retención de los productos de fisión. El propósito del 
proyecto es comparar el comportamiento neutrónico y los parámetros seguridad entre el 
elemento combustible 17x17 de Westinghouse actual y un nuevo modelo, diseñado para 
remplazar al original usando el combustible FCM. Los análisis se han realizado usando el código 
computacional SERPENT, basado en la metodología probabilista de Monte Carlo. 
 
La tesis está dividida básicamente en tres etapas. La primera parte engloba el diseño de los 
elementos combustibles que se desean comparar, con especial atención a la descripción de la 
configuración que usa combustible FCM, resultado de un estudio de compatibilidad con la 
original. La segunda parte está dirigida a obtener todos los parámetros de simulación que se 
han decidido usar para los posteriores cálculos. La última parte está enfocada al análisis de los 
resultados obtenidos en estas simulaciones, especialmente comparando los parámetros de 
seguridad entre las dos configuraciones. 
 
Los resultados finales muestran un mejor comportamiento neutrónico del combustible FCM en 
condiciones de accidente. No obstante, los coeficientes de realimentación por temperatura 
tienden a ser más positivos para el nuevo combustible, especialmente a final de ciclo y con una 
concentración significativa de boro en el agua.  
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Resum 
 
 
El desastre nuclear succeït a Japó ha manifestat debilitats inherents molt importants en relació 
al comportament del combustible nuclear després de parada en reactors d’aigua lleugera. La 
baixa conductivitat tèrmica i la poca capacitat de retenir els productes de fissió per part de 
l’òxid d’urani, combinat amb importants concentracions de zirconi a la beina, condueixen a la 
falla incontrolablement ràpida del combustible després de perdre el refrigerant al nucli. 
 
L’objectiu d’aquesta tesi és estudiar la viabilitat de substituir l’òxid d’urani que s’utilitza 
actualment per un combustible alternatiu que presenti un millor comportament en condicions 
d’accident. El combustible alternatiu estudiat es el combustible encapsulat Fully Ceramic Micro-
encapsulated (FCM) basat en la tecnologia de les partícules TRISO, que millora la seguretat en 
cas d’accident de pèrdua de refrigerant gràcies a la seva millor conductivitat tèrmica i capacitat 
de retenció dels productes de fissió. El propòsit del projecte és comparar el comportament 
neutrònic i els paràmetres de seguretat entre l’element combustible 17x17 de Westinghouse 
actual i un nou model, dissenyat per substituir l’original utilitzant combustible FCM. Els anàlisis 
s’han realitzat utilitzant el codi computacional SERPENT, basat en la metodologia probabilista 
de Monte Carlo. 
 
La tesi està dividida bàsicament en tres etapes. La primera engloba el disseny dels elements 
combustibles que es desitgen comparar, amb especial atenció a la descripció de la configuració 
de que utilitza combustible FCM, resultat d’un estudi de compatibilitat amb l’original. La 
segona part està dirigida a obtenir tots els paràmetres de simulació que s’han decidit utilitzar 
pels càlculs posteriors. La última part està enfocada a l’anàlisi dels resultats obtinguts en 
aquestes simulacions, especialment comparant els paràmetres de seguretat entre les dues 
configuracions. 
 
El resultats finals mostren un millor comportament neutrònic per part del combustible FCM en 
condicions d’accident. No obstant, els coeficients de realimentació per temperatura tendeixen 
a ser més positius utilitzant el nou combustible,  especialment a final de cicle i amb una 
concentració significativa de bor a l’aigua.  
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Chapter 1 
 
Introduction 
 
 
1.1. Nuclear power 
 
Energy consumption is an essential need in nowadays society, and represents one of the more 
important factors involved when determining the overall development of a country. The center 
of gravity for world energy consumption continues to shift from the OECD1 to emerging 
economies, especially in Asia, due to their extremely fast current development. Although 
demand in the OECD tends to slightly increase, the growing importance of the non-OECD 
economies leads to enormously magnify the projections of the marketed energy consumption 
for the next decades (see Figure 1.1). The main example of this increasing tendency is China, 
which accounts the 71% of the global energy consumption growth [1].  
 
 
1Figure 1.1. World marketed energy consumption, 2007-2035
2
 
  
                                                 
1
 The OECD is the Organization for Economic Co-operation and Development of 34 countries founded in 1961 to 
stimulate economic progress and world trade. 
2
 Energy & Capital. http://www.energyandcapital.com/articles/runaway-energy-demand/1455 
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Nowadays, nuclear power supplies the 16%3 of the world's electricity, although after 
Fukushima Daiichi accident worldwide nuclear output fell during the last year, mainly because 
of the declines in Italy, Japan and Germany. However, nuclear power has an important role in 
order to meet this increasing demand of energy while minimizing the emission of greenhouse 
gases. Projections indicate that nuclear power will increase accordingly to the world 
consumption growth (see Figure 1.2), which is noticed basically by the important number of 
new nuclear power plants (NPPs) that are already under construction, especially in countries 
such as China (28), Russia (11) or India (7)4. 
 
 
2Figure 1.2. World electricity generation by fuel, 2007-2035 
 
On the other hand, independently from the expected tendency of the nuclear power, the truth 
is that a logical controversy for nuclear energy has been created during the last year as a 
consequence of Japan’s disaster, even leading to drastic political decisions as giving up nuclear 
power. This situation forces nuclear industry and research to do an important step forward in 
the nuclear field, in order to make nuclear power more convincing especially in safety 
concerns. This is the motivation and the focus given by this thesis. 
 
 
1.2. Light Water Reactors and oxide fuel 
 
NPPs are built to generate electricity from the nuclear energy released from the controlled 
fission process of nuclear fuel, which is a physical process that entails the splitting of uranium 
atoms or other fissile elements inside a nuclear reactor. This energy release (∿200MeV per 
fission) is explained by equation (1.1), probably the most famous expression in all of physics. It 
describes the equivalence of mass (𝑚) and energy (𝐸), which are related by the square of the 
speed of light (𝑐2). 
 
𝐸 = 𝑚𝑐2 
 
                                                 
3
 World Nuclear Association. http://www.world-nuclear.org/how/npreactors.html 
4
 European Nuclear Society. http://www.euronuclear.org/info/encyclopedia/n/nuclear-power-plant-world-wide.htm 
(1.1) 
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It must be taken into account that a nucleus is a bound system of Z protons and N neutrons, 
whose total energy is less than the energy of its constituent parts far apart and at rest. This 
means that energy must be supplied to separate a nucleus into individual protons and 
neutrons, which is called the binding energy (𝐸𝐵). Due to the equivalence of mass and energy, 
this energy difference can be expressed in mass terms, called mass defect (∆𝑚), which 
expresses the difference between the nucleus mass and its constituents mass far apart and at 
rest. 
 
By the fission process, a nucleus splits into other nuclei that have a higher binding energy 
(higher mass defect), obtaining a difference between the initial and final masses of the 
involved nucleons and thus leading to an important energy release (see Figure 1.3). It must be 
noticed that fusion energy follows the same principle, but by joining together two or more 
atoms. 
 
 
3Figure 1.3. Binding energy per nucleon versus mass number
5
 
 
 
Besides releasing energy, fission process also generates new neutrons that are able to produce 
new fissions, and thus generate more energy. Nowadays, this chain reaction can be controlled 
inside various types of nuclear reactors. One of the most common nuclear reactors in the world 
and the one this thesis deals with is the Light Water Reactor (LWR), which is characterized by 
absorbing the nuclear energy as thermal energy in a primary circuit of ordinary water (H20). 
This water plays two roles into the reactor: coolant and neutron moderator6, making from LWR 
one of the most simple and cheap to build current reactors. According to the nuclear energy 
obtaining process as thermal energy in the water, two types of LWRs are basically 
differentiated: 
  
                                                 
5
 The Encyclopedia of Science. http://www.daviddarling.info/encyclopedia/B/binding_energy.html 
6
 The neutron moderator is the medium used to slow down (thermalize) neutrons released from nuclear fission 
process (which have very high speeds) without easily absorbing them. This process is essential in a LWR to 
increase the fission interaction probability of the neutrons with the nuclear fuel and be able to maintain the chain 
reaction. The type of nuclear reactor in which most of the fission is caused by thermal (slow) neutrons is called 
thermal reactor. 
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 Pressurized Water Reactor (PWR): In this type of LWR the water of the primary circuit is 
pressurized at ∿150kg/cm2, entering the vessel at ∿560K temperature and, after extracting 
the thermal heat generated by the nuclear fissions, exiting the vessel at ∿590K temperature 
(always as a liquid-phase). It is important to notice the presence of the pressurizer, whose 
function is to maintain the pressure of this subcooled primary water circuit. By using the 
Steam Generator (SG), the heat is transferred to a secondary water circuit that is 
pressurized at ∿60kg/cm2, which extracts the heat from the primary circuit by boiling at the 
saturation temperature of ∿550K [2]. After absorbing the heat, the secondary water circuit 
performs a typical Rankine cycle7 as happens in other common thermal plants, where the 
thermal energy of the generated steam is properly converted into electrical power by 
rotating turbine generators (see Figure 1.4). 
 
4Figure 1.4. Pressurized Water Reactor outline
8
 
 
 
 Boiling Water Reactor (BWR): In this second type of LWR the water of the primary circuit is 
pressurized at ∿80kg/cm2, extracting the heat by boiling at its saturation temperature 
∿570K [2]. No subcooled water circuit and no pressurizer are present in a BWR (the main 
difference compared to a PWR), so the steam generated in the new primary circuit is the 
one which performs the Rankine cycle and rotates the turbine generators (see Figure 1.5). 
 
5Figure 1.5. Boiling Water Reactor outline
9
 
                                                 
7
 The Rankine cycle is an idealized thermodynamic cycle used for steam power plants which converts heat into work. 
8
 United States Nuclear Regulatory Commission. The Pressurized Water Reactor (PWR). 
http://www.nrc.gov/reading-rm/basic-ref/students/animated-pwr.html 
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Either in PWR or in BWR reactor types the nuclear fuel used is typically composed of Uranium 
Oxide (UO2) pellets, which are a result of the manufacturing process of the nuclear fuel cycle 
(see Figure 1.6). First, natural Uranium ore (which contains less than 0,1% of Uranium) is 
extracted through conventional mining from natural deposits. This natural ore undergoes to a 
milling process where is chemically treated to produce a Uranium Oxide concentrate called 
“yellowcake” (U3O8 powder that contains more than 80% uranium). However, this Uranium 
Oxide requires an additional processing (enrichment) in order to increase the 235U fissile 
isotope10 concentration (only 0,71% in natural Uranium) and be able to sustain a nuclear chain 
reaction in a LWR core. Therefore, U3O8 is turned into the form required by most Uranium 
enrichment plants, uranium hexafluoride (UF6), and typically enriched to 3,5% - 5% 
235U. Finally, 
for its use as nuclear fuel, enriched UF6 is converted to Uranium dioxide (UO2) powder and 
sintered at high temperature into pellet form [3]. 
 
 
6Figure 1.6. Stages of the nuclear fuel manufacturing process
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Fission process of this nuclear fuel, besides being a very high density energy source, produces 
an important amount of fission products generated by the rupture of the fissile atom. These 
fission products are often unstable (radioactive) and its decay energy can be very dangerous if 
they are released to the environment, which forces NPPs to dispose of successive barriers 
against any possible radioactivity release. The first barrier in current LWRs is to contain UO2 
pellets inside a Zirconium alloy cladding to prevent radioactivity release to the water of the 
primary circuit (see Figure 1.7).  
 
 
7Figure 1.7. Fuel rod cladding
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9
 United States Nuclear Regulatory Commission. The Boiling Water Reactor (BWR). 
http://www.nrc.gov/reading-rm/basic-ref/students/animated-bwr.html 
10
 Isotope capable of undergoing fission as a result of the impact of slow neutrons. 
11
 Massachusetts Institute of Technology. Mitopencourseware. http://ocw.mit.edu 
12
 Objexx Engineering. Nuclear Fuel Rod Finite Element Modeling. http://objexx.com/projects.html 
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A zirconium alloy is a solution of Zirconium and other metals13 and is mainly used in cladding 
and structural components due to its corrosion resistance, its stability under radiation and 
temperature exposures, and its transparency to neutrons. It is also important to notice the 
presence of a gap between the outer surface of the fuel pellet and the inner surface of the 
cladding, which is typically filled with Helium gas in order to improve heat conduction from the 
pellet to the clad. Gap importance increases over time because the fission products 
accumulation and the fuel pellet swelling increase with burnup, so takes the function of 
confining gaseous fission products and preventing any possible pellet-cladding contact. 
 
These fuel rods composed of fuel pellets and the surrounding Zirconium alloy are arranged into 
fuel assemblies, which in turn are properly joined up to configure the whole core of a LWR (see 
Figure 1.8). Fuel assemblies have different forms, different dimensions and are composed by a 
different number of fuel rods depending on the model of reactor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
8Figure 1.8. Example of a whole core cross-cut with hexagonal fuel assemblies
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1.3. Nuclear power safety challenges 
 
The safety assessment is essential for the correct design and subsequent licensing of a NPP, 
and it is mainly carried out by the accomplishment of different safety analyses, which involve 
deterministic and probabilistic studies. Safety analyses are used to demonstrate the 
compliance of the safety requirements for different operating conditions and various initiating 
events. These identified initiating events are classified, based on the results of previous 
probabilistic studies, into the following three classes of events [4]: 
 
                                                 
13
 Very common trademarks such as Zircaloy
TM
 or Zirlo
TM
 are included in this group, and are widely used in current 
LWRs. 
14
 Website: http://www.whatisnuclear.com/articles/nucreactor.html 
Fuel rod 
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 Anticipated Operational Occurrences (AOO): Include events with frequencies of occurrence 
equal to or greater than 10-2 per reactor year. These events may occur during normal 
operation and are not considered accidents, but they are analyzed to ensure that any 
possible malfunction in the NPP does not end up in accident. 
 
 Design Basis Accidents (DBA): Include events with frequencies of occurrence equal to or 
greater than 10-5 per reactor year but less than 10-2 per reactor year. DBAs are not expected 
to happen in normal operation, and acceptance criteria are established to basically confirm 
the effectiveness of plant systems in maintaining the integrity of physical barriers against 
releases of radioactive material. 
 
 Beyond Design Basis Accidents (BDBA): Include events with frequencies of occurrence less 
than 10-5 per reactor year. An accident management program is established for this type of 
accidents and the acceptance criteria are mainly focused on ensure the effectiveness of the 
accident management needs. 
 
Therefore, the safety assessment must ensure no accidents that may challenge safety systems 
at a level much higher than expected (severe accidents), as well as ensure radioactivity 
containment and provide mitigation of any possible accident consequences. 
 
 
1.3.1. Severe accident scenario in LWRs 
 
One of the most important severe accidents is the fuel failure, mainly produced by the lack of 
adequate cooling for the decay heat generated after reactor shutdown. In an emergency 
shutdown of a nuclear reactor (SCRAM), all safety control rods are inserted and the fission 
chain is stopped, but power does not drop to zero because some radioactive isotopes (fission 
products) that remain from previous fissions continue to produce radiation, such as gamma 
rays, beta particles and alpha particles. This energy is about ∿7% of full thermal power in 
normal operation [5], but still is a large heating power that must be removed as rapidly as 
produced; otherwise reactor core begins to heat up compromising the integrity of its 
components. The failure of the cooling systems that provide flow through the reactor core 
cause an accident called Loss-of-Coolant Accident (LOCA). 
 
When a LOCA occurs core temperature increases fast, achieving the rapid oxidation 
temperature of zirconium alloy (1470K) if the decay heat is not successfully cooled during the 
first 24-48 hours [6]. Then, the exothermic oxidation reaction takes place, resulting in a local 
uncontrolled temperature rise and starting UO2 dissolution from 2030K. This becomes a severe 
accident scenario because fission products are not contained inside the cladding, leading to a 
radiation release, the important amount of Hydrogen produced by the Zirconium alloy 
oxidation reaction might cause an explosion if a high concentration level is reached, and the 
change in the fuel geometry by the dissociation of UO2 might lead to an uncontrolled criticality. 
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1.3.2. Safety weaknesses in current LWRs 
 
In order to prevent any type of accidents and increase safety in current and future NPPs, since 
the early 1970s nuclear industry has been widely using a methodology called Probabilistic 
Safety Assessment (PSA) [7]. This probabilistic point of view understands the risk of accident as 
a weighing of happening probability and damage consequences, and it is basically focused on 
minimalizing this risk by working on event tree analysis. This is done by defining concrete 
initiating events that can lead to an interruption of normal operation of the NPP, and analyzing 
the fault tree considering the mitigation systems available. PSA helps to add redundancy, 
isolation and independence15 on process components and safety systems if needed, in order to 
comply with the single-failure criterion16. By this methodology, a big step forward in safety has 
been done (even beyond the nuclear field). 
 
However, after Fukushima Daiichi (BWR) accident, the importance of melt down safety proof 
becomes more pronounced. In Fukushima’s reactor the core partially melted down because of 
a long-term loss of emergency core cooling (extended station blackout), caused by a loss of the 
off-site electrical power and emergency on-site electrical power after the tsunami. In addition, 
the large oxidation of the zirconium cladding led to a Hydrogen explosion, blowing off the roof 
and cladding on the top part of the building [9]. 
 
Although current PSA fix a core damage frequency value in ∿10-6 per reactor and year17 (which 
means almost 2.300 years between two core damage accidents in the world considering 436 
operative reactors18); Fukushima accident happened only 32 years after Three Mile Island 
(PWR) incident, the first meltdown of a major commercial power reactor. The need of a large 
backup power supply during shutdown, the failure of important cooling systems, DBA 
equipment malfunction or unexpected BDBA highlight some worrying inherent weaknesses in 
current LWRs that must be taken into account. They could be identified as follows [10]: 
 
- Large amounts of zirconium in the clad that can react with steam at high temperature and 
produce hydrogen in the exothermic oxidation reaction. 
- Very low conductivity of the UO2 fuel that may cause high temperatures in the fuel, 
impeding its cooling during off-normal situations. 
- Fission fragments only loosely bound to the solid oxide fuel, which can be dispersed in the 
coolant upon clad failure. 
 
Fukushima Daiichi accident may now increase inherent safety investigation, pushing for a more 
aggressive adoption of an alternative fuel, resistant to meltdown and lacking in these 
weaknesses. 
                                                 
15
 An element is redundant if it contains backups to do its work if it fails. Two elements are independent if the 
chances of one failing are not linked in any way to the chances of the other failing. Finally, isolation refers to 
physically separating them and shielding them from each other [8]. 
16
 The single-failure criterion: Requirement applied to a system such that it must be capable of performing its task in 
the presence of any single failure 
17
 Consejo de Seguridad Nuclear (CSN). Módulo 1: Fundamento de Emergencias Nucleares. 
18
 European Nuclear Society. Nuclear power plants world-wide. March 2012. www.euronuclear.org 
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1.3.3. Meltdown resistant fuel and thesis purpose 
 
Summering previously section, oxide fuels in Zirconium cladding used in current LWRs are 
mainly vulnerable to loss-of-coolant conditions because of its chemically active cladding, low 
conductivity of the fuel and loosely bound fission products. Hence, a fuel gathering next 
properties could be a solution to prevent meltdown and to improve these inherent weaknesses 
[10]: 
 
- A clad made with a less reactive material (e.g. Stainless steel or a non-metallic material). 
- A fuel with higher conductivity (e.g. Uranium carbide or Nitride fuel). 
- The ability to retain fission products tightly bound to its matrix (e.g. coated particle fuel). 
 
Although alternative fuels with these properties will be initially more expensive to manufacture 
than current fuels, they could increase protection to the public, which is one of the main 
targets of nuclear industry. As explained in Chapter 2.1, Fully Ceramic Microencapsulated fuel 
(FCM fuel) gathers these properties, and it is the fuel this project analyzes. 
 
This thesis is mainly focused on obtaining conclusions concerning neutronics safety aspects of 
FCM fuel in LWRs, concretely for a PWR type, and analyze whether FCM fuel could be a strong 
alternative to current UO2 fuel in this type of reactors. To perform this analysis the SERPENT 
code has been used, which is a very useful computational tool but still in development. In this 
sense, thesis purpose also involves obtaining interesting conclusions on how SERPENT code 
works with the geometry and conditions descripted is the project. 
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Chapter 2 
 
Theoretical background 
 
 
2.1. FCM fuel 
 
FCM fuel is an innovated concept that builds on the tested Tristructural-Isotropic (TRISO) fuel 
technology to develop a new fuel form that can be used in multiple reactors. FCM fuel consists 
of amounts of TRISO fuel particles embedded inside a dense non-fuel SiC matrix that is sintered 
with nanoparticles of SiC [11]. The compacted fuel can be manufactured in a pellet form to be 
placed in cladding tubes and fuel assemblies (e.g. for its use in LWRs), as well as in other types 
of compacts or pebbles. 
 
2.1.1. FCM fuel description 
 
TRISO particles used in FCM fuel are a type of micro spherical coated particle fuel, which has an 
external diameter in the range of 500 - 1000 μm and consists on a fuel kernel, coated with four 
layers of three isotropic materials (see Figure 2.1): A porous Pyrolytic Carbon (PyC) buffer layer, 
followed by a dense inner PyC layer (IPyC), followed by a ceramic SiC layer, followed by a last 
dense outer PyC layer (OPyC) [10]. 
 
 
9Figure 2.1. TRISO particle geometry [12] 
Outer PyC layer 
Inner PyC layer 
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Because of the presence of these coating layers and the SiC matrix around TRISO particles, it is 
more difficult to achieve high heavy metal density in the FCM fuel pellet compared to the 
ordinary UO2 fuel pellet. Therefore, the use of TRISO fuel in LWRs will demand higher 
enrichments than current oxide fuels, and the coating thicknesses will be required to be as 
reduced as possible while also configuring a good fission product barrier. TRISO particle 
geometry, materials and functions of the various layers are descripted below [12, 13]: 
 
Fuel kernel: It is a fuel sphere that provides energy and neutrons. Kernel diameter is variable, 
typically in the range of 350 - 700 μm, and may contain different alternatives of fissile fuel 
material, such as UO2 (oxide fuel), UCO (carbide fuel) or UN (nitrate fuel). As introduced before, 
kernel increases its swelling and generates radioactive fission products throughout burnup, 
besides producing energy and neutrons. The coating layers design is determined according to 
these fission products, taking into account that solid metallic species chemically interact with 
the coatings and gaseous species causes stresses in them. Fuel enrichments vary from 8% to 
20% depending on the kernel diameter, the fuel type and other power rating considerations. 
 
Porous PyC buffer: It is a low-density PyC layer, which is in direct contact with the kernel. The 
aim of this buffer is to attenuate fission fragment recoil atoms ejected from the fuel kernel, to 
provide volume for fission gases and to accommodate kernel swelling by mechanically isolating 
it from the structural coating layers. Its density is in the range of 0.9 – 1.1 g/cm3 and its 
thickness is typically ∿50 μm. 
 
Inner PyC layer: It is the first of the three structural layers, the first barrier against the fission 
gas release and a protection for the surrounding SiC layer by stopping many fission products 
that might chemically attack it. It is practically impenetrable for Krypton and Xenon, but does 
not stop Silver and is pervious for Cesium and Strontium at higher than normal operation 
temperatures [14]. In addition, it provides structural support for the SiC layer and prevents 
reaction between the kernel and Cl containing materials, which are sometimes released during 
manufacture. Its density is in the range of 1.8 – 2.0 g/cm3 and its thickness is typically ∿35 μm. 
 
SiC layer: It is the main bearing element of the TRISO particle, and also enhances the 
mechanical stability of the pressure vessel to retain gaseous fission products by having a higher 
mechanical strength than the dense PyC layers. The SiC layer is the major containment barrier 
for fission products release by providing retention for all fission products under normal 
operation, leading to be very important to remain this layer intact. Its density is ∿3.20 g/cm3 
and layer’s thickness is typically ∿35 μm. 
 
SiC is an excellent material in terms of material properties, is highly stable under fast neutron 
irradiation, has excellent oxidation resistance, low irradiation swelling and it is manufactured 
on an industrial scale at a reasonable cost. However, above 1870K its corrosion is increased, 
becoming porous to Cesium, Strontium and Silver [13]. 
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Outer PyC layer: It provides structural support and gives to the particle a higher temperature 
capability by preventing the vaporization of the SiC layer. It also protects the SiC from any 
possible mechanical damage during fuel manufacture, is an additional barrier for gaseous 
fission products in case of rupture of the SiC layer and provide bonding surface for compacting. 
As well as IPyC layer, its density is in the range of 1.8 – 2.0 g/cm3, but a lower thickness is 
typically needed, about ∿20 μm. 
 
OPyC layer is also important to deflect a possible crack in the SiC matrix around the particle 
and prevent fission product release, as shown in Figure 2.2 and Figure 2.3. 
        
 
 
TRISO particles are over coated with a resinated graphite powder to prevent contact between 
them during formation of the FCM compact, which is fabricated by composing the SiC matrix 
around TRISO particles using a specific liquid-phase sintering process called Nano-Infiltration 
and Transient Eutectic-phase (NITE). A SiC nanopowder (4˞0nm particle size) is used to make up 
the matrix because it provides very high reaction surface area, achieving a theoretical density 
of the matrix in the range of 97 - 98%. This SiC nanopowder is mixed with minute amounts of 
oxide additives (∿5% of Y2O3 and Al2O3 used as sintering aids) and mixed with TRISO particles. 
An important consideration is that oxide additives must be completely dispersed in the SiC 
nanopowder mixture, in order to achieve ideal microstructures [12]. 
 
After the mixing process it undergoes hot pressing to fabricate the FCM pellet (see Figure 2.4). 
Typical hot-press parameters are 1h time, 1850ºC temperature and 15-20 MPa pressure [15]. 
TRISO fuel is not expected to be damaged during the compaction process under these 
conditions. 
 
12Figure 2.4. FCM pellet with TRISO loading [12] 
  10Figure 2.3. SiC crack without OPyC layer [12] 
 
11Figure 2.2. SiC crack with OPyC layer [12]               
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2.1.2. FCM fuel advantages 
 
Thanks to FCM fuel geometry and the properties of its materials, the use of FCM fuel could 
improve the main three LWRs inherent weaknesses suggested before; achieving a new 
behavior that would enhance safety during normal and off-normal operation and representing 
three very strong levels of defense-in-depth at a fuel level that current LWRs do not have: 
 
 The cladding work conditions are improved, and the use of a non-metallic material for the 
clad is even possible. The stainless steel cladding alternative was used in the past but 
nowadays Zirconium alloys are used in most reactors. Although stainless steel is much less 
prone to react with steam than Zirconium alloys, these latter have a very low neutron 
absorption cross section and highly resistant to corrosion under operating conditions, which 
are essential properties for a cladding material. In addition, and besides being an advantage 
regarding to the neutronics, this low neutron absorption property becomes an important 
economical factor since it allows the use of lower enriched fuels for similar operating cycles. 
 
By using FCM fuel, fission gas products are contained inside the TRISO particles and not 
released to the gap, which leads to not increase internal pressure of the clad, reducing 
mechanical stresses and eliminating corrosion cracking at the inner surface of the cladding. 
These new work conditions also allow increasing pellet diameter by reducing pellet-to-clad 
gap, which is very important to reduce the fuel enrichment needed. Under these new 
conditions, cladding will creep down at the beginning of fuel operation because of coolant 
pressure, but the absence of fission gas releases will prevent gap reappearance, improving 
its thermal conductivity and decreasing mechanical demands [11]. However, the use of SiC 
instead of metallic Zirconium alloys for cladding could be possible due to this new cladding 
mechanical behavior, having a higher resistance to creep and avoiding any safety problem 
related to the Zirconium oxidation reaction. 
 
 The thermal conductivity of the SiC matrix is on the order of 30 times higher than that of 
uranium oxide [15]. Hence, the maximum temperature of the FCM fuel pellet is 
significantly lower than that for the UO2 pellet, only 200K above coolant temperature (see 
Figure 2.5), reducing its chance of failure. 
 
 
13Figure 2.5. Temperature distribution over pellet section [12] 
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In addition, SiC dissociates at 2730K whereas Zirconium fast oxidation starts from 1470K and 
UO2 fuel dissolution from 2030K [15]. By having this higher dissociation temperature, FCM 
fuel allows an enough enthalpy margin to start severe damage for FCM fuel, enhancing the 
safety of a nuclear reactor. 
 
 Last but not least, fission products are tightly bound to FCM fuel, as a result of composing 
three very strong barriers against the release of fission products to the coolant: 1) The 
coating layers around the fuel kernel, 2) the SiC matrix around the particles and 3) the 
cladding around the fuel rod. This is a very important difference between the use of FCM 
fuel and current UO2 fuel pellet configuration, where Zirconium alloy clad is the only barrier 
against fission products release to the water of the primary circuit. 
 
2.1.3. Technological landscape 
 
In the 1960s ceramic coated particle fuel was developed for ROVER/NERVA nuclear rockets, as 
well as used in large graphite HTRs as German AVR Reactor (PBR) in order to develop pebble 
fuel19. The design of the coated particle fuel has changed since the early stages in the 1960s. 
Although several variations of coating designs have been produced, only the next three designs 
have been used in HTRs (chronologically ordered): laminar20 (AVR Reactor), BISO21 and finally 
the explained TRISO design [10]. In the 1980s, already in the form of TRISO particles, ceramic 
coated particle fuel was developed for large and modular HTGC systems such as German THTR-
300, achieving its record performance in the 2000s [11, 13]. 
 
In light of this historical development, TRISO particle technology is not considered a new 
concept and its manufacturing is well established. In the proper SiC matrix, TRISO fuel seems to 
be an alternative for oxide fuels in LWRs because of working at lower operation temperatures 
than in HTRs, the original type of reactor TRISO fuel was designed for. 
 
 
2.2. Safety parameters 
 
The aim of this second section of the theoretical background is to introduce the safety 
parameters will be calculated further on in order to analyze safety aspects of the FCM fuel 
behavior in current PWRs [16, 17]. 
 
2.2.1. Fuel Temperature Coefficient (Nuclear Doppler Effect) 
 
Neutrons, which are born in the fast region (>0,5MeV) with approximately 2MeV energy, 
interact with the moderator and reduce their energy until a thermal energy (∿0,025eV), where 
they are able to undergo fission (see Figure 2.6). 
 
 
                                                 
19
 Spherical fuel elements made of pyrolytic graphite containing thousands of TRISO particles. 
20
 Type of micro particle fuel coated with a single PyC layer. 
21
 BIstructural-ISOtropic. Type of micro particle fuel coated with a porous PyC layer and a dense PyC layer. 
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However, heavy metal nuclides (mainly 238U and 240Pu) exhibit a strong resonance behavior for 
neutron absorption in the energy range between the fast region and the thermal region. 
Although the width of the absorption resonances is very small, the probability of absorption is 
very high (see Figure 2.7), even higher than the 235U fission probability for the same neutron 
energy, leading to an important neutron absorption rate during the moderation process. 
 
 
 
15Figure 2.7. 
238
U absorption resonances 
  
                                                 
22
 Janis 3.4. OECD/NEA Data Bank, 2012. http://www.oecd-nea.org/janis/ 
All cross section graphics of the project are obtained from this source. 
Resonances 
Moderation process 
Moderation process 
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When fuel temperature increases, the thermal motion of the heavy metal nuclides increases as 
well and the range of relative velocities between neutron and nuclides becomes wider, leading 
to a more flat but broader resonance absorption area. Although the total resonance absorption 
area remains constant because the number of nuclides does not change, the result of a 
temperature rise is an increase in the neutron resonant absorption, fortunately for safety 
interests. 
 
The Fuel Temperature Coefficient (FTC or 𝛼𝑓𝑢𝑒𝑙) measures the Doppler Effect by the change on 
reactivity caused by a change in fuel temperature. It is defined in equation (2.1):  
 
𝐹𝑇𝐶 [
𝑝𝑐𝑚
𝐾
] =
𝜕𝜌
𝜕𝑇𝑓𝑢𝑒𝑙
· 105 
 
Where reactivity (𝜌) is related to the effective multiplication factor (keff)
23 as follows: 
 
𝜌 =
𝑘𝑒𝑓𝑓 − 1
𝑘𝑒𝑓𝑓
 
 
Of course, FTC is desired to be negative to stabilize core behavior when a change in reactivity 
occurs. However, a very strong negative FTC is unwanted because when core temperature 
decreases, for example after reactor shut down, an increase in reactivity is introduced. 
 
The most important aspect of the Nuclear Doppler Effect is that it reacts immediately after a 
change in the fuel temperature. This means that if a large positive reactivity increase occurs 
and power increases suddenly (within fractions of a second), the first mechanism that will start 
adding negative feedback will be the Doppler Effect while other temperature coefficients, such 
as the moderator coefficient explained below, will not affect the power that rapidly.  
 
In addition, the FTC hardly depends on the composition of the fuel rods, so this parameter 
must be studied carefully for a feasible replacement of the UO2 fuel with FCM fuel. 
 
 
2.2.2. Moderator Temperature Coefficient 
 
In PWRs, when water temperature increases, its thermal cross sections change and its physical 
density decreases because of the thermal expansion. This change in the water density reduces 
the amount of moderator per unit volume, which leads to a lack in the moderation process 
because of reducing the scatter probability, which in turn moves the neutron spectrum toward 
higher energies. This change in the neutron flux energies reduces the fission probability with 
235U and increases the parasitic absorptions of 238U, especially in the range where the 
absorption cross section does not follow the 1 𝑣⁄  dependence, tending to keep the MTC 
negative (see Figure 2.8). 
                                                 
23
 keff is the ratio of the number of neutrons in one generation to the number of neutrons in the previous generation. 
(2.1) 
(2.2) 
18   2. Theoretical Background 
 
 
 
16Figure 2.8. 1 v⁄  dependence of the 238U absorption cross section 
 
The Moderator Temperature Coefficient (MTC or 𝛼𝑚𝑜𝑑) measures the change on reactivity 
caused by a change in moderator temperature. It is defined in equation (2.3):  
 
𝑀𝑇𝐶 [
𝑝𝑐𝑚
𝐾
] =
𝜕𝜌
𝜕𝑇𝑚𝑜𝑑
· 105 
 
This coefficient is much stronger in fluid moderators than in solid ones, so becomes very 
important in the safety analysis of a PWR. 
 
It must be taken into account that MTC can be positive or negative depending on the 
moderator to fuel ratio and the presence of highly absorbents in the water, such as boron. For 
high concentrations of boron, a temperature increase in the water also reduces the amount of 
boron per unit volume, reducing its absorption capability and might leading to a total positive 
MTC coefficient. 
 
 
2.2.3. Void coefficient 
 
Although the BWR reactor is not studied in this thesis, it is also important to notice that in this 
type of reactor the MTC coefficient becomes useless because a power increase involves a 
change in the void fraction and not a change in the water temperature as in PWRs, i.e. the heat 
rise transforms liquid water into steam phase. Hence, another safety parameter comes into the 
picture: the Void Coefficient (𝜶𝑽), which defines a rate of change in the reactivity resulting of 
the formation of steam after a power level increase (2.4). 
 
𝛼𝑉[𝑝𝑐𝑚] =
𝜕𝜌
𝜕𝑥
· 105 
Where (𝑥) is the water void fraction inside the core. 
1 𝑣⁄  dependence 
Neutron spectrum toward higher energies 
(2.3) 
(2.4) 
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As well as the MTC, 𝛼𝑉 is desired to be negative in order to operate the NPP in safety 
conditions. In current BWRs, as in most of the world’s operating power reactors, water circuit 
acts as both moderator and coolant. Hence, their 𝛼𝑉 value is negative because the 
transformation of liquid water into steam leads to an important decrease of the moderation, 
reducing the reactivity and thus the reactor power. 
 
However, in other kind of reactors such as the RBMK (Chernobyl), the NPP is operated with a 
positive void coefficient. A positive 𝛼𝑉 increases reactivity when the void fraction increases, 
increasing power and leading to more steam generation, further increasing the void fraction. 
This unstable behavior can produce an uncontrollable power increase if it is not properly 
regulated, leading to a severe accident such as in Chernobyl unit 4 [18]. 
 
2.2.4. Void worth 
 
The coolant void worth (CVR) expresses the reactivity introduced when the coolant of the 
reactor is removed. It can be calculated according to equation (2.5): 
 
𝐶𝑉𝑅 [𝑝𝑐𝑚] = (𝑘𝑒𝑓𝑓 (𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑐𝑜𝑜𝑙𝑎𝑛𝑡) − 𝑘𝑒𝑓𝑓 (𝑤𝑖𝑡ℎ 𝑐𝑜𝑜𝑙𝑎𝑛𝑡)) · 10
5 
 
This safety parameter is tightly related to the void coefficient and it is very useful to describe 
the reactor behavior during a loss-of-coolant accident (LOCA), where off-normal conditions 
might lead to an increase of reactivity besides losing the capability of heat removal. This 
happens because the lack of moderation moves the neutron spectrum towards higher 
energies, increasing fission probability of transuranic elements (TRU)24, which have higher 
fission probabilities at this energy range. As happens for the MTC, CVR is strongly dependent 
on the boron concentration and burnup, which is highly related to the amount of TRU 
generated. 
  
                                                 
24
 TRU are radionuclides that have atomic numbers greater than that of uranium (92). All of them are radioactive 
nuclides and are mainly produced in nuclear reactors by neutron capture, being generated as long as fuel burnup 
increases. 
(2.5) 
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Chapter 3 
 
Methodology 
 
 
This thesis is focused on checking the behavior of the FCM fuel inside a PWR by analyzing one 
of the main important aspects in the nuclear field: the neutronics within its core. In order to 
perform this analysis, three basic elements are needed: a mathematical model for the transport 
of subatomic particles through matter, a numerical method capable to solve its equations and a 
computational tool to execute the methodology. 
 
The aim of this section is to present these elements, starting from the Boltzmann equation, a 
mathematical model used to study the non-equilibrium behavior of a collection of particles and 
commonly applied to neutronics analysis. After a comparison between some methodologies 
and computational codes, the Monte Carlo method will be introduced, a methodology capable 
to solve an integral form of the Boltzmann equation even in complex geometries, basically by 
the application of the laws of probability and statistics to the neutron transport field [19]. 
Finally, the SERPENT code will be descripted, the simulation tool used in this thesis to analyze 
the behavior of FCM fuel in PWRs. 
 
 
3.1. Neutron transport 
 
The neutron transport mathematics used as background in the Monte Carlo method will be 
introduced below, by describing neutron definition, Boltzmann neutron transport equation and 
the final solution for the Monte Carlo method. 
 
3.1.1. Neutron definition 
 
Neutron can be completely defined by designating its location r, its direction of travel Ω and its 
energy E, at time t. Apart from the time variable, coordinates from a six-dimensional phase 
space are needed to fully describe the particle; three position, two direction and one energy 
variable (see Figure 3.1). 
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17Figure 3.1. Neutron's phase space [20] 
  
Where, 
 𝑟 = (𝑥, 𝑦, 𝑧) specifies the position of the particle in the domain 𝑉 ⊂ 𝑅3 
 Ω specifies the direction of motion (a vector from point r to the surface described by a 
unit sphere centered at r), measured by its polar angle θ and its azimuthal angle φ. 
 𝐸 =
1
2
𝑚𝑣2, specifies neutron energy corresponding to its speed 𝑣 (𝑚 is the mass of 
neutron). 
 
 
After specification of one neutron, it is possible to define the basic physical quantity used to 
describe a population of neutrons, the neutron angular density 𝑁(𝑟, 𝛺, 𝐸, 𝑡). However, it is of 
interest to define the physical variables that represent the motion of this population of 
neutrons, which will be used in the neutron transport equation. In this sense, two magnitudes 
come into the picture: 
 
- The angular flux  𝝍(𝒓, 𝜴, 𝑬, 𝒕), defined as the motion of a population of neutrons located in a 
unit volume, traveling in any direction from a unit solid angle, with energies within a unit 
range, per unit time. 
 
𝜓(𝑟, 𝛺, 𝐸, 𝑡) = 𝑁(𝑟, 𝛺, 𝐸, 𝑡) · 𝑣(𝐸) 
Where, 
 N is the density of neutrons in volume dr about r, traveling in direction dΩ about Ω, 
with energy dE about E and at time dt about t. 
 𝑣 is neutron's speed (corresponding to neutron's energy E). 
  
(3.1) 
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- The total flux or scalar flux 𝝓(𝒓, 𝑬, 𝒕), which is defined as the integral of the angular flux over 
the entire solid angle. Hence, flux represents the motion of a population of neutrons located in 
unit volume, with energies within a unit range, per unit time, regardless of their flight 
direction: 
 
𝜙(𝑟, 𝐸, 𝑡) = ∫ 𝜓(𝑟, 𝛺, 𝐸, 𝑡) · 𝑑𝛺
4𝜋
 
Where 4𝜋  is the entire solid angle. 
 
 
3.1.2. Neutron transport equation 
 
The neutron transport equation is derived from the fundamental principle of conservation of 
neutrons within an arbitrary element of the neutron’s phase-space shown before. In this 
phase-space the change of neutron density must be the difference between the gain rate and 
the loss rate:  
 
𝜕𝑁(𝑟, 𝛺, 𝐸, 𝑡)
𝜕𝑡
= 𝑔𝑎𝑖𝑛(𝑟, 𝛺, 𝐸, 𝑡) − 𝑙𝑜𝑠𝑠(𝑟, 𝛺, 𝐸, 𝑡) 
 
The transport equation is explained below (3.4) in terms of angular flux [21]: 
 
1
𝑣(𝐸)
𝜕𝜓(𝑟, 𝛺, 𝐸, 𝑡)
𝜕𝑡
= 𝑆(𝑟, 𝐸, 𝛺, 𝑡) − 𝛺 · 𝛻𝜓(𝑟, 𝛺, 𝐸, 𝑡) − 𝛴𝑡(𝑟, 𝐸)𝜓(𝑟, 𝛺, 𝐸, 𝑡) + 
+∫ ∫ 𝛴𝑠(𝑟, 𝛺
′ → 𝛺, 𝐸′ → 𝐸, 𝑡)𝜓(𝑟, 𝛺′, 𝐸′, 𝑡)𝑑𝛺′𝑑𝐸′ +
∞
04𝜋
 
 
Where,  
1
𝑣(𝐸)
𝜕𝜓(𝑟, 𝛺, 𝐸, 𝑡)
𝜕𝑡
 
 Time rate of change of neutron density. 
 
𝑆(𝑟, 𝐸, 𝛺, 𝑡) 
 External source that does not depend on 𝜓. 
 
𝛺 · 𝛻𝜓(𝑟, 𝛺, 𝐸, 𝑡) = 𝛺𝑥
𝜕𝜓(𝑟, 𝛺, 𝐸, 𝑡)
𝜕𝑥
+ 𝛺𝑦
𝜕𝜓(𝑟, 𝛺, 𝐸, 𝑡)
𝜕𝑦
+ 𝛺𝑧
𝜕𝜓(𝑟, 𝛺, 𝐸, 𝑡)
𝜕𝑧
 
 Leakage out of the elementary volume in direction 𝛺. 
 
𝛴𝑡𝜓(𝑟, 𝛺, 𝐸, 𝑡) 
 Neutrons lost from the elementary phase-space volume due to an interaction. 𝛴𝑡 is the 
total macroscopic cross-section, which does not depend on the angle of hitting due to 
the assumption of isotropic core. 
 
(3.2) 
(3.3) 
(3.4) 
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∫ ∫ 𝛴𝑠(𝑟, 𝛺
′ → 𝛺,𝐸′ → 𝐸, 𝑡)𝜓(𝑟, 𝛺′, 𝐸′, 𝑡)𝑑𝛺′𝑑𝐸′
∞
04𝜋
 
 Neutrons moving in an arbitrary direction with an arbitrary speed (𝑟, 𝛺′, 𝐸′, 𝑡) that 
scatter into the elementary phase-space volume (𝑟, 𝛺, 𝐸, 𝑡). In this case 𝛴𝑠 is the 
differential scattering cross section, which is the cross section for scattering into the 
volume of interest from the energy E’ to E and from the direction Ω′ to Ω. 
 
Finally, next assumptions must be taken into account to make the equation (3.4) adequate to 
define neutron transport [22]: 
 
- A static, homogeneous and isotropic medium is considered. 
- Next event depends only on current (𝑟, 𝑣, 𝐸), not on previous events. 
- The neutron density is considered sufficiently low to neglect neutron-neutron 
collisions, simplifying the neutron transport equation by making it linear. 
- Relativistic effects are neglected. 
- No forces are applied to the particles (i.e. straight flight between events). 
- Material properties are not affected by particle reactions. 
 
Being a statistical equation, the mathematical model of neutron transport describes only the 
average behavior of the neutron population; so the Monte Carlo method (by modeling the 
motion of individual neutrons) might produce a different answer from average behavior in local 
regions. 
 
 
3.1.3. Integral form of the transport equation and final solution 
 
The desired form of the Boltzmann transport equation is obtained by integrating the angular 
flux 𝜓(𝑟, 𝛺, 𝐸, 𝑡) over all phase space as shown in equation (3.5) [21]: 
 
𝜓(𝑟, 𝛺, 𝐸, 𝑡) = ∫ 𝑒−𝛽 [∬𝛴𝑠(𝑟 − 𝑠𝛺;  𝛺
′, 𝐸′ → 𝛺,𝐸)𝜓(𝑟 − 𝑠𝛺,  𝛺′, 𝐸′, 𝑡 − 𝑠/𝑣)𝑑𝛺′𝑑𝐸′]
∞
0
𝑑𝑠 + 
+ ∫ 𝑒−𝛽𝑆(
∞
0
𝑟 − 𝑠𝛺,𝛺, 𝐸, 𝑡 − 𝑠/𝑣)𝑑𝑠 
 
Where,  
𝛽 = ∫ 𝛴𝑡(𝑟 − 𝑠
′𝛺, 𝐸)𝑑𝑠′
𝑠
0
 
 𝛽 is the optical thickness. 
𝑟 = 𝑟′ + 𝑠𝛺 
 𝑠 is the coordinate along a line in direction 𝛺 through 𝑟 (see Figure 3.2). 
  
(3.5) 
(3.6) 
(3.7) 
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18Figure 3.2. Neutron motion along 𝛺 [23] 
 
 
By this integral equation, the angular flux at an elementary phase-space volume point can be 
expressed as integrals over all sources and neutron flight paths that lead to that concrete 
phase-space conditions. 
 
In operator notation, the integral equation can be written as: 
 
𝜓 = 𝑲𝜓+ 𝑆′ 
Where, 
 K is the integral operator, which represents all collided neutrons 
 S' is the attenuated source, which represents no collided neutrons. 
 
Finally, it is possible to obtain a solution for this equation by defining the following series:  
 
𝜓0 = 𝑆
′   ,    𝜓1 = 𝑲𝜓0   ,    𝜓2 = 𝑲𝜓1     ,    …   ,    𝜓𝑛+1 = 𝑲𝜓𝑛 
Where, 
 𝜓0 is the angular flux that no collides before arriving at the requested volume. 
 𝜓1 is the angular flux that collides once before arriving at the requested volume. 
 𝜓2 is the angular flux that collides twice before arriving at the requested volume, etc. 
 
When series converges, a von Neumann series solution is obtained (3.10): 
 
𝜓 = ∑𝜓𝑛
∞
𝑛=0
 
 
The Monte Carlo method provides estimations for 𝜓0, 𝜓1… by tracking the source particles that 
have undergo no collisions, one collision, etc.; thus estimating a von Neumann series solution 
to the integral formulation of Boltzmann transport equation. 
 
  
(3.8) 
(3.9) 
(3.10) 
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3.2. Simulation tools 
 
The neutron transport calculation can be carried out by various methodologies and by using 
different types of simulation tools that define the geometry and materials properties of the 
system. Although each code has its particular methodology, two big differentiated groups of 
computer codes are used in neutron transport calculation: the deterministic codes and 
probabilistic codes. 
 
3.2.1. Deterministic codes 
 
Deterministic codes are characterized by analytically solving the neutron transport equations. 
Many codes such as PARTISN, PERTRAN, DENOVO, DRAGON or ATTILA are included in this 
group [24] and use different methods to solve the equations (e.g. ATTILA uses the Finite 
Element Method (FEM) [25]); but not probabilistic methods as Monte Carlo. One advantage of 
these analytically procedures is that neutron fluxes, reaction rates and other responses are 
calculated everywhere in the system, which allows no needing additional runs in case of 
requiring more information from the obtained solution. In addition, low computing resources 
are required to run the calculation (although a large disc space is needed to store all the 
information) and a short computer time is needed to find the solutions [26]. 
 
However, deterministic codes use analytically procedures and becomes necessary to 
approximate complex geometries by structured meshes (such as rectangular or cylindrical 
meshes), which could lead to a not accurate geometry definition and significant errors in 
results. Furthermore, neutron energy and angular direction are discretized to run the 
calculation and be able to solve neutron transport equations, moving neutron energy and 
direction away from its continuous nature [27]. 
 
3.2.2. Probabilistic codes 
 
On the other hand, probabilistic codes use a stochastic process, such as the Monte Carlo 
method, instead of using analytically processes to obtain the desired solution. Thanks to this 
methodology, the use of a simplified structured mesh to define the geometry is not necessary 
and complex geometries can be modeled accurately, which is an important advantage 
compared to deterministic codes.  Moreover, neutron energy and direction are associated to 
probability distribution functions and random numbers, allowing a more accurate resolution 
for these continuous magnitudes. However, responses are not obtained everywhere in the 
system but in pre-selected locations [27], and larger computing resources are needed to run 
the probabilistic simulations, such as computational memory, which increase calculation time. 
 
MCNP5/MCNPX, SERPENT, MONACO/MAVRIC, TRIPOLI, VIM or TART are some examples of 
codes included in this group [28] although they have some differences regarding to the 
methodologies they work with. Some codes (e.g. TART code) use a dynamic method and other 
codes (e.g. MCNP or SERPENT codes) use an alpha static method to carry out the calculation, 
both usually producing accurate answers. 
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The dynamic method is a time dependent calculation where the neutron population is allowed 
to grow over a period of time, even far away from criticality, where loss terms and source 
terms of the neutron transport equation are proportional to neutron flux. On the other hand, 
static methods are characterized by starting from an arbitrary source distribution and, 
generation by generation, making the system critical (i.e. equalizing neutron production and 
neutron loss) [29]. For the Monte Carlo method, one of the methodologies used to simulate 
this stationary self-sustaining chain reaction is the k-eigenvalue method, where criticality is 
achieved every cycle by artificially modifying the neutron transport equation dividing the 
source term by the keff-eigenvalue in order to balance source and loss terms [30]. 
 
Due to this procedure, the static codes become restricted only to systems that are very close to 
criticality, such as the current PWRs this thesis deals with, which makes them a good option for 
this project. The SERPENT probabilistic code based on the Monte Carlo method is the 
simulation tool used in this thesis, so both methodology and code characteristics will be 
explained in this section.  
 
3.3. The Monte Carlo Method 
 
The Monte Carlo method is a technique of numerical analysis based on the use of sequences of 
random numbers to obtain sample values for the problem variables, which are obtained by 
using probability distributions for such variables [21]. Because of this random sequence of 
physical processes, Monte Carlo solutions have less truncation errors than deterministic 
methods, but do have stochastic uncertainties in the solution that must be taken into account 
[31]. The solution obtained for the integral transport equation by using the Monte Carlo 
method is calculated by analyzing the results from sample values and the estimates of these 
uncertainties. 
 
The Monte Carlo method solves neutron transport problems by modeling the particle flight 
paths and the various interactions between neutrons and materials. The simulation of this path 
is called a random walk, and can be understood as a mathematical realization of one of the 
physically possible paths that a neutron could follow through the material. In this random walk 
neutron will interact with material nuclei in one of three ways: scattering, fission or absorption. 
The simulation of these interactions is possible by evaluating the random variables associated 
to these physical processes, producing a set of neutron collision points as well as information 
about its consequences. The SERPENT code used in this thesis performs two different types of 
Monte Carlo estimations: analog and implicit estimations, which are descripted below. 
 
3.3.1. The analog Monte Carlo estimation 
 
In this type of estimation, Monte Carlo method simulates neutron “history”, from birth to 
death. As shown in Figure 3.3, the neutron is created and initialized with a starting location, 
direction and energy; which are randomly sampled from specified probability distributions. 
Afterwards, the length of free straight flight is also randomly sampled from the interaction 
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probability density function specified by the material properties, defining a collision location. 
The type of collision and the collision properties are sampled in accordance with the cross 
sections from the appropriate data library, obtaining the latter information: 
 
 Scattering: Position of the collision and new velocity of neutron are obtained. 
 Fission: Chain terminated for the neutron. Position of the collision, number of new 
neutrons and their velocities are obtained. 
 Absorption: Chain terminated for the neutron. 
 
 
19Figure 3.3. Schematic of decisions to generate the “history” of a neutron in the analog Monte Carlo 
estimation [32] 
  
 
If the neutron crosses the material boundary, the information of the new material is needed 
and algorithm is executed again. The next history is completely independent from the previous 
history and this algorithm continues to run until all neutrons are absorbed or exit the system. 
 
3.3.2. The implicit Monte Carlo estimation 
 
On the other hand, the implicit method is based on modifying the neutron random walk with 
the aim of reducing the variance in the obtained results. In the implicit estimation a statistical 
weight is assigned to each neutron, which now represents the contribution of several particles 
(implicit estimation) instead of a single one (analog estimation). This statistical weight 
determines the importance of the score of a concrete neutron, being normalized every cycle 
for the source population in order to fix a total average importance of all the scores. 
 
The implicit estimation becomes especially important for absorption reactions, where the 
statistical weight is reduced instead of terminating neutron history. A cut-off value is assigned 
in order to finish the neutron random walk when its weight falls below a certain limit. This 
reduction is done according to the fractional absorption probability, as equation (3.11) shows: 
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𝑊′ = 𝑊(1 −
𝛴𝑎
𝛴𝑡
) 
Where, 
 𝑊 and 𝑊′ are the statistical weight before and after de collision. 
 𝛴𝑎 and 𝛴𝑡 are the absorption cross section and the total cross section, respectively. 
 
By using the implicit estimation more information is obtained from one neutron, reducing the 
uncertainty in the results and producing more interactions in zones that are less accessible to 
neutrons. However, a benchmarking between the analog and implicit estimation is done in 
Chapter 5 in order to compare their results, checking if the use of the implicit estimation is that 
profitable as a priori seems to be and decide which of both methodologies is followed for the 
rest of simulations. 
 
 
3.4. The SERPENT code 
 
SERPENT is a three-dimensional continuous-energy Monte Carlo reactor physics burnup 
calculation code, whose development started at the VTT Technical Research Centre of Finland 
in 2004 under the working title “Probabilistic Scattering Game” (PSG) [33]. The SERPENT code 
is written in standard ANSI-C language25 and reads continuous-energy interaction data from 
ACE format26 cross section libraries, such as the JEFF-3.1.1.xsdata cross section library used in 
this thesis. To run the neutronics simulation it is necessary to model the geometry, materials, 
burnup parameters and other required options by using the SERPENT code. 
 
The description of the geometry is one of the main parts of the simulation. SERPENT uses a 
model based on universes, where geometry is divided into separate independent levels nested 
one inside the other. By dividing the whole geometry into easier smaller parts and by using 
regular geometry structures and square and hexagonal lattices commonly encountered in 
reactor applications, SERPENT code allows simulating complex geometries (practically any 2D 
or 3D fuel pin, fuel assemblies or whole reactor configurations), which can be filled with the 
desired homogeneous material or other universes. 
 
Materials can be modeled by defining its density, its nuclide fraction composition and its 
temperature. Cross sections of these nuclides are associated to a cross section library, which 
divides the information in fixed nuclide temperatures (300K, 600K, 900K, 1200K, 1500K and 
1800K for JEFF-3.1.1.xsdata cross section library). However, by using SERPENT options it is 
possible to define intermediate temperatures for the nuclides, whose cross sections are 
obtained by interpolating the tabulated data. 
 
                                                 
25
 ANSI-C is the American National Standards Institute revision of C, a high-level programming language developed at 
Bell Labs that is able to manipulate the computer at a low level like assembly language. 
26
 ACE file is a type of compressed archive which is created by the WinACE utility. It uses a proprietary compression 
algorithm that offers a high compression ratio and fast compression speed. The peak of its popularity was 1999–
2001, when it provided slightly better compression rates than RAR, which has since become more popular. 
(3.11) 
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SERPENT is also used for burnup calculation. The code uses an internal calculation routine for 
solving the Bateman equations, which describe abundances and activities in a decay chain as a 
function of time based on decay rates and initial abundances. The burnup calculation allows 
describing changes in the material compositions and radioactive decay, however, additional 
input is needed to run burnup calculation and be able to identify the depleted materials and 
set up irradiation history, such as the JEFF-3.1.1.dec decay data library and the JEFF-3.1.1.nfy 
fission yield data library used in this thesis. Finally, other options may be introduced depending 
on the desired output files, such as detectors, external sources, geometry plotter, etc.  
 
3.4.1. SERPENT advantages 
 
SERPENT code has one main strong point compared to similar traditional Monte Carlo codes 
(such as MCNP5/MCNPX codes) that make the transport simulation more efficient: the shorter 
time needed to run the calculation. Simulation time is one of the main computational codes 
features, becoming extremely important in large calculations (e.g. burnup calculations), which 
may require some days or even some weeks to obtain the desired solution. For the SERPENT 
code, this shorter time simulation is achieved basically by two main code characteristics: 
 
 The possibility of using the Woodcock delta-tracking method in combination with 
conventional ray-tracking method. 
 
MCNP5/MCNPX code uses the ray-tracking method, which is characterized by calculating 
the free path length each time neutron enters a new material, using its concrete cross 
section value. This means that the distance to the nearest surface boundary needs to be 
calculated to find the next collision site, as well as reading the cross section input file every 
time neutron enters a new material. 
 
On the other hand, SERPENT code can use either ray-tracking method or Woodcock delta-
tracking method, which is a rejection probability sampling technique that allows neutron to 
continue its path over material boundaries without stopping the track at each boundary 
surface [34]. For sampling path lengths in the Woodcock delta-tracking method the same 
cross section is used for all materials, which is called the majorant cross section. The 
majorant cross section is equal to or greater than the maximum of all material total cross 
sections for a concrete energy, so a virtual collision cross section needs to be added to each 
material total cross section in order to achieve the same majorant probability of interaction 
[30]: 
𝛴𝑚(𝐸) = 𝛴𝑡(𝑟, 𝐸) + 𝛴0(𝑟, 𝐸) 
Where, 
 𝛴𝑡(𝑟, 𝐸) is the physical total cross section of the material. 
 𝛴0(𝑟, 𝐸) is the virtual cross section added to achieve the majorant cross section 
value. 
 𝛴𝑚(𝐸) is the majorant cross section, the maximum of all total cross sections in the 
system and the same one for all nuclides. Notice that this makes 𝛴𝑚 independent of 
the spatial coordinates. 
(3.12) 
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This procedure generates “real” and “virtual” interaction probabilities for each material, 
which lead to “real” and “virtual” collisions that must be taken into account to obtain the 
correct solution. However, the probability of sampling a virtual collision (𝑃0) is known 
because of depending on 𝛴𝑡 and 𝛴𝑚 values, which are already known [30]: 
 
𝑃0 =
𝛴0
𝛴𝑚
= 1 −
𝛴𝑡
𝛴𝑚
 
 
Therefore, by using the same majorant cross section for all materials, the calculation of the 
distance to the nearest boundary surface is not needed, so flight path is not interrupted 
every time neutron crosses a new material boundary and less computing calculations are 
needed. However, it loses its efficiency in presence of localized heavy absorbers (control 
rods, burnable absorber pins, etc.) because the majorant cross section becomes dominated 
by their high absorption cross sections, even if they represent a small fraction of the total 
volume of the system. In these cases, when the probability of sampling a physical (real) 
collision falls below a user-defined threshold, the code switches to the conventional 
surface-to-surface ray-tracking method. 
 
 A single unionized energy grid for all nuclides is used to achieve major speed-up in 
calculation by minimizing the number of grid search iterations. 
 
In other codes as MCNP5/MCNPX, inside the continuous-energy ACE format data each 
nuclide is associated to its own energy grid in order to calculate a desired cross section if 
needed. A linear interpolation is used to calculate the cross section 𝜎 at an energy E that lies 
between two tabulated energy points, 𝐸𝑗−1 and 𝐸𝑗:  
 
𝜎(𝐸) − 𝜎(𝐸𝑗−1)
𝜎(𝐸𝑗) − 𝜎(𝐸𝑗−1)
=
𝐸 − 𝐸𝑗−1
𝐸𝑗 − 𝐸𝑗−1
 
 
This methodology requires an iterative energy grid search for each nuclide (typically 
composed by 20.000 to 70.000 energy points for actinide cross sections [30]), increasing 
CPU time significantly, which becomes especially important when the neutron enters a new 
material and the calculation of material total cross section is needed again, carried out by 
summing over all the constituent nuclides. 
 
On the other hand, SERPENT code uses the same grid for all nuclides (master grid), so the 
search of Ej and Ej-1 has to be performed only once until the neutron scatters to a new 
energy. However, this unionized energy grid format requires more computer memory 
compared to other continuous-energy Monte Carlo codes because it is wasted on storing a 
large number of redundant data points when cross sections are reconstructed for each new 
energy value. This might be a problem in the case of needing a large master grid, e.g. in 
burnup calculations, although the amount of memory is usually not a limiting factor for 
current computers. 
(3.13) 
(3.14) 
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Chapter 4 
 
Fuel Assembly Models 
 
 
4.1. 17x17 Westinghouse fuel assembly 
 
The 17x17 Westinghouse configuration of 2.775 MWt is the LWR fuel assembly modeled in this 
thesis in order to replace its current UO2 fuel with FCM fuel. It is a square shaped fuel assembly 
that contains 264 fuel pins, 24 guide tubes for control rods and one central guide tube for 
instrumentation (see Figure 4.1), which are arranged in a square lattice [35]. This section is 
focused on describing the batch model for its SERPENT simulation, including geometry 
definition, materials composition and other used parameters. 
20Figure 4.1. 17x17 Westinghouse fuel assembly 
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Geometry definition 
 
The geometry definition is the first step on the fuel assembly modeling in SERPENT. Fuel pins, 
guide tubes and overall dimensions of the 17x17 Westinghouse fuel assembly are summarized 
in Table 4.1 and plotted in Figure 4.2, Figure 4.3 and Figure 4.4. One important note is that in 
this standard geometry description control rods are not simulated, so both instrumentation 
and control rod guide tubes are completely filled with water. 
 
Element Parameter Value 
Fuel rod 
(Figure 4.2) 
Number of fuel rods 264 
Clad outer diameter (cm) 0,9518 
Pellet diameter (cm) 0,8050 
Gap thickness (cm) 0,0093 
Clad thickness (cm) 0,0641 
Fuel rod active length (cm) 367,20 
Guide tube 
(Figure 4.3) 
Number of guide tubes 25 
Clad outer diameter (cm) 1,2260 
Clad thickness (cm) 0,0421 
Fuel assembly 
(Figure 4.4) 
Rod pitch (cm) 1,266 
Overall dimensions (cm x cm) 21,522 x 21,522 
 
1Table 4.1. 17x17 FA dimensions [35, 36] 
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22Figure 4.2. 17x17 FA fuel rod geometry 
 
21Figure 4.3. 17x17 FA guide tube geometry 
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23Figure 4.4. 17x17 FA Z=0 cross-cut 
 
 
Materials definition 
 
After defining geometry parameters, each region of the fuel assembly geometry is filled with 
the corresponding material, as shown in Figure 4.5. The composition of the used materials, as 
well as the properties and parameters needed for their simulation are explained below: 
 
 
 
 
 
 
 
 
 
 
 
 
24Figure 4.5. 17x17 FA fuel pin materials 
  
Clad 
Fuel 
Water 
21,522 cm 
21,522 cm 
1,266 cm 
Void 
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 Fuel: 4% enriched UO2 fuel with 10,412 g/cm
3 density has been used in this fuel assembly 
[37], which is a typical enrichment for this standard configuration of 2.775 MWt. Aside from 
fuel density and fuel composition, it is necessary to define its temperature in order to work 
with accurate cross sections values during the simulation. According to the temperature 
distribution over the section of the pellet (see Figure 4.6), an average temperature of 1200K 
(927ºC) has been considered. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
25Figure 4.6. Temperature distribution over UO2 pellet section [10] 
  
 Water: When defining the light water (H2O) it is important to notice that its density is 
significantly variable with its temperature (see Figure 4.7). As explained in Chapter 1, in 
PWRs water enters the vessel at ∿560K and exits at ∿590K temperature, so according to 
these water work temperatures an average temperature of 573K (300ºC) has been 
considered for the simulation, whose corresponding density at this temperature is 
725,55g/cm3 (see Table 4.2)27. 
 
 
26Figure 4.7. Density – Temperature water curve for 150kg/cm
2
 pressure 
                                                 
27
 Figure 4.7 and  Table 4.2 show density values for a concrete work pressure (150kg/cm
2
). Pressure must be taken 
into account to obtain a correct density value because at these work temperatures water compressibility is not 
negligible. 
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2Table 4.2. Water density values for 150kg/cm
2
 pressure (Range of interest)
 28
 
 
 Clad: ZirloTM is the Zirconium alloy used for the cladding material, whose density is 6,5g/cm3 
and nuclei composition is summarized in Table 4.3 [38]. In order to choose the concrete clad 
composition to run the simulation, an average quantity for each nuclide has been used. 
Regarding to the temperature parameter, a 600K temperature has been considered to 
complete clad definition, same as water temperature. 
 
Nuclei Composition Used values 
Nb 0,5 – 2 % 1,30% 
Sn 0,9 – 1,5 % 1,20% 
Fe,Cr,Mo,V,Cu,Ni,W 0,09 – 0,11 % 0,1% (only Fe) 
Zr Other 97,40% 
 
3Table 4.3. Zirlo
TM
 nuclei composition and used values 
 
Other conditions 
 
Finally, apart from the geometry and the materials characteristics, three important conditions 
have been included in order to define accurately the fuel assembly. They are commented 
below: 
 
 A periodic boundary condition for the fuel assembly external surfaces. Using this option, 
when the neutron encounters a periodic boundary, it is moved to the opposite surface of 
the geometry [33]. This is an adequate boundary condition because of working at a fuel 
assembly level, which could receive neutrons from the surrounding fuel assemblies. 
 
 A thermal scattering cross section used for the Hydrogen in water, because some significant 
errors would be introduced by modeling important bound moderator nuclides using free-
atom cross sections. This option is mainly applied to Hydrogen in water and Carbon in 
graphite [33]. 
  
                                                 
28
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Temperature (ºC) Density (Kg/m3) 
260 796,20 
268 783,67 
276 770,46 
284 756,46 
292 741,56 
300 725,55 
308 708,20 
316 689,11 
324 667,73 
332 643,07 
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 A quadrant symmetry condition for the overall fuel assembly geometry. Statistical errors and 
time of simulation can be reduced by taking advantage of the symmetry condition, which 
divides the desired universe into similar portions, simplifying the treated geometry. 
 
 
4.2. 13x13 FCM fuel assembly 
 
A new fuel assembly has been descripted in order to develop a feasible fuel replacement for 
the 17x17 Westinghouse configuration. The new fuel assembly uses FCM fuel instead of UO2 
fuel but needs to have very similar and compatible characteristics with the original. It is 
essential to study power generation, thermo-hydraulics and neutronics compatibilities with the 
original Westinghouse configuration, as well as to achieve comparable levels of linear fissile 
density and reactivity behavior [39]. 
 
In this thesis a 13x13 FCM UN fuel assembly has been selected to replace the original 17x17 
UO2 configuration. The new batch is focused on the use of UN fuel because its density is 
significantly higher than the alternatives (40-50% higher than the UO2 fuel and 30-40% higher 
the UCO fuel), allowing lower enrichment requirements compared to them. However, it must 
be said that UO2 and UCO kernel fuel with TRISO coatings has been successfully produced for 
years whereas UN kernel fuel is still in development. Moreover, and thanks to the higher 
conductivity of the FCM fuel, a less number of wider fuel rods can be used in the new fuel 
assembly compared to the original, which is an advantage mainly because of two reasons: 
 
- A larger diameter of the compact has advantage in self-shielding, which increases cycle 
length and reduces the need of a large amount of poison absorbents especially at the 
beginning of the cycle. This is very important since the new configuration uses high 
enriched fuels, which have a poorer self-shielding property compared to others because of 
having a higher fissile material - heavy metal mass rate, leading to be more reactive. 
 
- A larger diameter of the compact has also advantage in achieving higher TRISO particles 
packing fraction by less wall effect. This is important in order to increase fuel pin density 
power without increasing even more fuel enrichment, which is expensive and has 
technological limitations. 
 
After fixing the number of fuel rods that configure the new fuel assembly and the type of fuel 
used in it, the aim of this compatibility study is to calculate the fuel rod diameter and the UN 
enrichment for the 13x13 FCM fuel assembly, in order to obtain similar thermo-hydraulic and 
power characteristics as the original configuration. 
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4.2.1. Compatibility study 
 
Thermo-hydraulic compatibility study 
 
The first important consideration with the aim of configuring the 13x13 fuel assembly is to 
assume that the specific enthalpy rise in the whole fuel assembly water channel is equal to that 
of the existing 17x17 fuel assembly. This means that 1kg of coolant absorbs the same amount 
of energy in both configurations, achieving a similar exit temperature, which is very important 
in order to maintain the heat transferring conditions between the primary circuit and the 
secondary circuit in a PWR. In addition, working in the same range of temperatures as the 
original fuel assembly helps to ensure no boiling transition for the same operative pressure 
value.  
 
The specific enthalpy rise (𝛥ℎ) in the fuel assembly water channel is related to the total heat 
generation of the whole fuel assembly (𝑞) as follows: 
 
𝑞 [
𝑘𝐽
𝑠
] = 𝛥ℎ [
𝑘𝐽
𝑘𝑔
]𝜌 𝜈 𝐴 
Where, 
 𝜌 [
𝑘𝑔
𝑐𝑚3
] is the coolant density 
 𝜈 [
𝑐𝑚
𝑠
] is the coolant speed 
 𝐴 [𝑐𝑚2] is the wet area  
Notice that  𝜌 𝜈 𝐴 = 𝑤𝑎𝑡𝑒𝑟 𝑓𝑙𝑜𝑤 [
𝑐𝑚3
𝑠
]  
 
In a NPP, all systems are dimensioned for a concrete power generation, so a feasible fuel 
replacement must conserve the thermal power produced in one fuel assembly (2.775 MWt in 
this case). According to equation (4.1), the only possible way to keep the reactor thermal 
power constant, as well as the same specific enthalpy rise of the coolant, is by using a constant 
water flow. 
 
Secondly, the water flow in the 13x13 new configuration is desired to experience the same 
heat transfer and friction effects as the original fuel assembly. To achieve these conditions, a 
new hydraulic parameter comes to the picture, the hydraulic diameter. The concept of 
hydraulic diameter is introduced to obtain a hydraulically equivalent circular channel for flows 
which have non-circular cross sectional flow area (such as one fuel assembly). 
 
As explained further on in this study, a thermo-hydraulic compatibility (i.e. same heat transfer 
and friction effects) between two configurations which have the same water flow is achieved 
by having a same hydraulic diameter. The definition of hydraulic diameter (𝐷ℎ) is expressed in 
equation (4.2): 
  
(4.1) 
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𝐷ℎ[𝑐𝑚] =
4 · 𝐴
𝑃𝑤
 
Where, 
 𝐴 [𝑐𝑚2] is the water cross sectional area 
 𝑃𝑤 [𝑐𝑚] is the wetted perimeter of the cross sectional area 
 
Equation (4.2) shows that 𝐷ℎ is a relationship between the section the water flows through and 
its heat transfer contact perimeter. As explained by using Figure 4.8 and Figure 4.9, this 
relationship is the same in both fuel assembly and fuel rod levels, since they are proportional 
geometries. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
𝐷ℎ (17𝑥17) =
4 · (𝑎2 − 17 · 17 ·
𝜋 · 𝑑2
4 )
17 · 17 · 𝜋 · 𝑑
= 1,192 𝑐𝑚        𝐷ℎ (17𝑥17) =
4 · (𝑝2 −
𝜋 · 𝑑2
4 )
𝜋 · 𝑑
= 1,192 𝑐𝑚 
 
 
Therefore, to achieve a same Dh in both configurations, a same Dh for one fuel pin water 
channel must be achieved. By imposing this condition, the new clad outer diameter (d(13x13)) 
is calculated: 
 
𝐷ℎ (13𝑥13) = 1,192 𝑐𝑚 =
4 · (1,65552 −
𝜋 · 𝑑𝑐𝑙𝑎𝑑(13𝑥13)
2
4 )
𝜋 · 𝑑𝑐𝑙𝑎𝑑(13𝑥13)
    →     𝒅𝒄𝒍𝒂𝒅(𝟏𝟑𝒙𝟏𝟑) = 𝟏, 𝟑𝟔𝟓 𝒄𝒎 
 
The very idea of imposing equal hydraulic diameters in both configurations is that, for the same 
fluid mass flow, both coolants must pass touching the same area of rod wall surface per unit 
time, experiencing the same heat transfer and friction effects: 
 
 
(4.2) 
a 
27Figure 4.8. Total fuel assembly water channel 
 
28Figure 4.9. One fuel pin water channel 
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The water flow (?̇?) of both configurations can be written as follows: 
?̇?17𝑥17 = 𝜌17𝑥17 · 𝜈17𝑥17 · (𝑝17𝑥17
2 −
𝜋 · 𝑑𝑐𝑙𝑎𝑑(17𝑥17)
2
4
) 
?̇?13𝑥13 = 𝜌13𝑥13 · 𝜈13𝑥13 ·  (𝑝13𝑥13
2 −
𝜋 · 𝑑𝑐𝑙𝑎𝑑(13𝑥13)
2
4
) 
 
In addition, water density is assumed as a constant parameter and same water flow for both 
configurations is applied as deduced before: 
?̇?17𝑥17 = ?̇?13𝑥13 
𝜌17𝑥17 = 𝜌13𝑥13 
 
Hence, by using equation (5.3) and equation (5.4) it is possible to achieve a relationship 
between the coolant velocities in both fuel assemblies: 
𝜈13𝑥13 [
𝑐𝑚
𝑠
] =
𝑝17𝑥17
2 −
𝜋 · 𝑑𝑐𝑙𝑎𝑑(17𝑥17)
2
4
𝑝13𝑥132 −
𝜋 · 𝑑𝑐𝑙𝑎𝑑(13𝑥13)
2
4
· 𝜈17𝑥17 = 0,69768 · 𝜈17𝑥17 
 
Therefore, it can be proved that by using the same hydraulic diameter a same rod wall surface 
area is contacting the coolant per second in both cases, achieving the desired thermo-hydraulic 
compatibility: 
 
𝑤𝑎𝑙𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
𝑠 17𝑥17
[
𝑐𝑚2
𝑠
] = 𝜈17𝑥17 [
𝑐𝑚
𝑠
] · 𝑃𝑤 17𝑥17[𝑐𝑚] = 𝝂𝟏𝟕𝒙𝟏𝟕 · 𝟎, 𝟗𝟓𝟏𝟖𝝅 
𝑤𝑎𝑙𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
𝑠 13𝑥13
[
𝑐𝑚2
𝑠
] = 𝜈13𝑥13 [
𝑐𝑚
𝑠
] · 𝑃𝑤 13𝑥13[𝑐𝑚] = 0,69768 · 𝜈17𝑥17 · 1,365𝜋 =   
= 𝝂𝟏𝟕𝒙𝟏𝟕 · 𝟎, 𝟗𝟓𝟏𝟖𝝅 
 
Lastly, rod diameter can be calculated by knowing clad and gap thicknesses in this new 
configuration, which are reduced to 0,053cm and 0,0085cm respectively [40] due to the new 
work conditions where fission products are not released to the gap. Hence, the new pellet 
diameter obtained is: 
 
𝒅𝒇𝒖𝒆𝒍(𝟏𝟑𝒙𝟏𝟑) = 𝟏, 𝟐𝟒𝟐 𝒄𝒎 
 
Power compatibility study 
 
The power compatibility study for the 13x13 fuel assembly has been done considering the 
same fissile material quantity as for the existing 17x17 fuel assembly, condition that will 
determine UN enrichment as explained below. It is important to notice that, since the 13x13 
configuration uses FCM fuel instead of UO2 fuel, the UN enrichment will strongly depend on 
TRISO particle geometry configuration. Particularly, it will depend on TRISO kernel diameter 
(KD) and packing fraction parameter (PF), this latter defined as follows: 
 
 
(4.3) 
(4.4) 
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𝑃𝐹 [%] =
𝑉𝑇𝑅𝐼𝑆𝑂
𝑉𝑡𝑜𝑡𝑎𝑙
· 100 
Where, 
 𝑉𝑇𝑅𝐼𝑆𝑂 is the volume occupied by TRISO particles 
 𝑉𝑡𝑜𝑡𝑎𝑙  is the total volume of the fuel rod 
 
Theoretical packing of mono-sized spheres approaches 74%; however, during the compacting 
process the maximum achievable packing fraction reduces significantly because of the wall 
effect, decreasing while reducing fuel rod and TRISO particles diameters. Therefore, larger 
packing fractions than 50% will be not considered. 
 
To perform the power compatibility study it is important to notice that a concrete PF - KD 
combination define two important parameters for the FCM fuel rod configuration. First, it fixes 
the number of TRISO particles inside the fuel pin because of defining the concrete TRISO 
particle dimensions and a concrete volume rate (see Table 4.4). Secondly, it also fixes the total 
UN fuel volume, which means to obtain a concrete UN enrichment in each case if the same 
fissile material quantity is wanted (see Table 4.5). 
 
Number of TRISO particles 
KD / PF 30% 35% 40% 45% 50% 
400 μm 810.647 945.755 1.080.862 1.215.970 1.351.078 
500 μm 537.124 626.645 716.165 805.686 895.207 
600 μm 374.033 436.372 498.711 561.050 623.389 
700 μm 270.820 315.956 361.093 406.229 451.366 
 
4Table 4.4. Number of TRISO particles inside a fuel rod depending on KD – PF configuration 
 
 
UN enrichment (%) 
KD / PF 30% 35% 40% 45% 50% 
400 μm 31,29 26,82 23,46 20,86 18,77 
500 μm 24,18 20,72 18,13 16,12 14,51 
600 μm 20,09 17,22 15,07 13,39 12,05 
700 μm 17,47 14,98 13,11 11,65 10,48 
 
5Table 4.5. UN enrichment depending on KD – PF configuration 
 
Information of Table 4.5 has been plotted in Figure 4.10, appreciating that UN enrichment 
decreases as KD and PF increase.  
 
(4.5) 
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29Figure 4.10. UN enrichment depending on KD – PF configuration 
 
An advantage of having a small kernel KD is the possibility to achieve a higher burnup than 
using larger diameters by better neutron moderation and lower self-shielding. However, it 
decreases significantly the cycle length, increases the absorbent requirements to keep the 
system critical at BOL and requires a higher UN enrichment to reach the amount of fissile 
material of the original configuration. 
 
Taking into account that burnup is already highly increased by using FCM fuel instead of UO2 
regardless of the KD and the PF, the largest KD is selected in this thesis with the aim of having a 
fuel more similar to UO2 in the commented aspects, i.e. KD=700μm. 
 
Moreover, as shown in Figure 4.11, the required enrichment reduces as long as PF increases. 
However, this reduction effect becomes less important for higher packing fraction values, 
making worthier a PF=35% in front of a PF=30%, than a PF=50% in front of a PF=45%.  
 
 
30Figure 4.11. UN enrichment depending on PF value for KD=700μm 
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Therefore, an intermediate PF value has been selected, trying to not achieve a very high 
enrichment value as well as ensuring the FCM fuel pellet fabrication by not considering very 
high packing fractions, i.e. PF=40%. In accordance, although current development objectives 
are focused on obtaining higher than 60% packing fraction values, to date the development 
work has produced TRISO compacted pellets in a SiC matrix with a particle packing fraction of 
about 40%. Last but not least, it is important to notice that the obtained enrichment 
requirement is about 13%, below the 20% proliferation level limit [41]. 
 
 
4.2.2. TRISO particles modeling 
 
SERPENT code allows various methodologies of dispersing TRISO particles in a surrounding 
matrix, needing two steps in any case. First step is to model TRISO particle geometry, and 
second step is to disperse them inside the desired matrix. TRISO geometry definition is a 
common first step for all methodologies, and is achieved by using a concrete SERPENT 
capability to model spherical particles. To define them it is only necessary to describe its 
diameter, the successive layers thicknesses, and the materials they are composed of. 
 
However, various methods can be used in order to disperse the modeled TRISO particles inside 
a matrix, which are qualitatively explained below. Further on, some simulations will be done 
using these methods in order to compare them, checking if same results are obtained or there 
are significant differences depending on the modeling type. 
 
 Infinite 3D lattices. TRISO particles can be defined in a 3D matrix by modeling regular 
cubical or hexagonal prismatic 3D arrangements (see Figure 4.12 and Figure 4.13). The only 
programming input required to model these arrays is the distance between the TRISO 
particles, which makes this method an easy way to define them. 
 
 
 
 
 
 
 
 
 
 
 
However, two inconvenient result from this modeling. In first place, the regular 
arrangement fails to account for the random distribution of particles because they are 
ordered one next to each other. Secondly, when a cylindrical fuel rod is filled with a regular 
cubical or a hexagonal prismatic lattice, some TRISO particles may be cut by the outer 
boundary. To avoid these problems, SERPENT code has two other geometry models 
specifically designed for TRISO particles. 
 
31Figure 4.12. Regular cubical 3D lattice TRISO 
particles distribution 
32Figure 4.13. Hexagonal prismatic 3D lattice 
TRISO particles distribution 
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 Implicit particle fuel model. This model is based on sampling new TRISO particles on the 
neutron path during its random walk. However, this method has not been considered in this 
thesis because SERPENT manual [33] warns that the results obtained using the SERPENT 
1.1.14 version are highly dependent on packing fraction values and have some significant 
differences compared to the most accurate methodology to define the TRISO particles, the 
explicit model explained below. 
 
 Explicit particle/pebble bed fuel model. This model consists on distributing the TRISO 
particles by reading their concrete position coordinates from an external file. The main 
advantages are the possibility to achieve a random distribution and to avoid the cut 
particles problematic by correctly designing the external file (see Figure 4.14). 
 
 
 
 
 
 
 
 
 
 
 
33Figure 4.14. Random TRISO particles distribution using explicit particle fuel model 
 
However, the main disadvantage is the time of simulation, which increases significantly. This 
factor makes very important to analyze whether the results obtained using the explicit 
model have significant differences compared to the results obtained using the infinite 3D 
lattice. 
 
 
4.2.3. 13x13 FCM fuel assembly final design 
 
Geometry definition 
 
The new 13x13 FCM fuel assembly is also a square shaped fuel assembly with the same overall 
dimensions as the 17x17 configuration, a necessary condition to maintain the dimensions of 
the whole core. The new fuel assembly contains 160 fuel pins and 9 guide tubes that are 
completely filled with water in this standard geometry description. Guide tube dimensions are 
approximated to be the same as the fuel pin dimensions in order to run the simulation, which 
does not have a relevant importance regarding to the neutronics. Fuel assembly dimensions 
are summarized in Table 4.6 and plotted in Figure 4.15, Figure 4.16 and Figure 4.17. 
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Element Parameter Value 
Fuel rod 
(Figure 4.15) 
Number of fuel rods 160 
Clad outer diameter (cm) 1,363 
Pellet diameter (cm) 1,24 
Gap thickness (cm) 0,0085 
Clad thickness (cm) 0,053 
Fuel rod active length (cm) 367,20 
Guide tube 
(Figure 4.16) 
Number of guide tubes 9 
Clad outer diameter (cm) 1,363 
Clad thickness (cm) 0,053 
Fuel assembly 
(Figure 4.17) 
Rod pitch (cm) 1,6555 
Overall dimensions (cm x cm) 21,402 x 21,402 
 
6Table 4.6. 13x13 FCM FA dimensions 
 
 
 
 
 
 
 
 
           
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
36Figure 4.17. 13x13 FCM FA Z=0 cross-cut 
34Figure 4.15. 13x13 FA fuel pin geometry 35Figure 4.16. 13x13 FA guide tube geometry 
0,6285 cm 
0,6815 cm 
0,6815 cm 
0,6285 cm 
0,62 cm 
cm 
1,6555 cm 
21,522 cm 
21,522 cm 
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Materials definition 
 
Each region of the fuel assembly geometry has been filled with the corresponding material, as 
shown in Figure 4.18. Materials composition and its properties are explained below: 
 
 
 
 
 
 
 
 
 
 
 
 
37Figure 4.18. Materials of 13x13 FCM FA 
 
 FCM Fuel: It is composed by TRISO particles with UN kernel (14,32 g/cm3 density), which are 
embedded inside a SiC matrix of 3,18 g/cm3 density. Table 4.7 summarizes TRISO particles 
dimensions, layer thicknesses and the materials they are composed of [40]. 
 
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7Table 4.7. TRISO particles materials description 
  
UN Kernel 
U-235 variable 
U-238 variable 
N 8,11% 
Density 14,32 g/cc 
TRISO particle 
Kernel diameter Variable 
Buffer layer thickness 50 μm 
Inner PyC coating thickness 35 μm 
SiC coating thickness 35 μm 
Outer PyC coating thickness 20 μm 
Buffer layer 
C 100% 
Density 1,05 g/cc 
PyC coatings 
C 100% 
Density 1,9 g/cc 
SiC coating 
Si 70,05% 
C 29,96% 
Density 3,18 g/cc 
Clad 
TRISO particles 
Water 
SiC matrix 
Void 
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In addition, and according to the temperature distribution over the section of the pellet 
(see Figure 4.19), a simulation temperature of 600K has been considered because of the low 
operation temperature gradient achieved by the UN higher thermal conductivity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
38Figure 4.19. Temperature distribution over a UN pellet section [10] 
 
 
 Clad and Water: Both are defined the same as in the original 17x17 Westinghouse fuel 
assembly. In first place, water works at the same temperature and experiments the same 
enthalpy rise in both configurations as explained before. Secondly, although the use of a SiC 
clad would be possible by using FCM fuel, a ZirloTM clad will be simulated in order to focus 
the results on fuel configuration aspects. 
 
Other conditions 
 
The periodic boundary condition for the fuel assembly external surfaces and the thermal 
scattering cross section used for the hydrogen in water are also included in the new 
configuration. However, it is important to notice that the symmetry condition should only be 
used depending on the distribution of the TRISO particles. Symmetry can be used for 3D 
regular arrays but it must be careful depending on the TRISO particle distribution determined 
by the external file if using the explicit particle fuel model. 
 
 
  
UO2 
UN 
  
 
 
 
 
 
 
Chapter 5 
 
Simulation 
 
 
 
5.1. Simulation parameters analysis 
 
Before running all the required simulations to obtain the desired safety information about the 
FCM fuel neutronics behavior, it is necessary to define some simulation parameters; such as 
the Monte Carlo estimation method, the number of cycles, the neutron population per cycle or 
the number of burnup steps selected for these simulations. A concrete definition of these 
variables is very important because significant changes in the results are introduced depending 
on their value. Two main statistical parameters have been used in order to perform these 
analyses: The standard deviation of the average (σx̅) and the Figure of Merit (FOM), which will 
be briefly introduced below. 
 
 
 Standard deviation of the average (𝛔?̅?): To talk about the standard deviation, first it is 
necessary to emphasize the difference between the accuracy and precision concepts [32]. 
Accuracy measures the proximity of the expected value (?̅?) to the true physical quantity 
(𝜇𝑥) is desired to be estimated. The difference between them is usually unknown and is 
called the systematic error or bias (see Figure 5.1):  
 
𝑠𝑦𝑠𝑡𝑒𝑚𝑎𝑡𝑖𝑐 𝑒𝑟𝑟𝑜𝑟/ 𝑏𝑖𝑎𝑠 = 𝜇𝑥 − ?̅? 
 
Where ?̅? is the average of scores of the number of sampled histories (𝑁), i.e.: 
 
?̅? =
1
𝑁
∑𝑥𝑖
𝑁
𝑖=1
 
  
(5.1) 
(5.2) 
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39Figure 5.1. Difference between accuracy and precision
29
 
 
On the other hand precision refers to the uncertainty of the Monte Carlo statistical method, 
i.e. a random error. The precision is determined by the variation in the different scores 𝑥𝑖 
and is measured by the standard deviation (𝜎) of the sampled histories, which is defined in 
equation (5.3) for a large population (𝑁): 
 
𝜎2 ≡
1
𝑁 − 1
∑(𝑥𝑖 − ?̅?)
2
𝑁
𝑖=1
≅ 𝑥2̅̅ ̅ − ?̅?2 
Where, 
𝑥2̅̅ ̅ ≡
1
𝑁
∑𝑥𝑖
2
𝑁
𝑖=1
 
 
However, the important parameter regarding to uncertainty in the solution is the standard 
deviation of the average (𝜎?̅?), which is the one given by the output file and the one useful to 
compare the results between various simulations. It is expressed in equation (5.5): 
 
𝜎?̅?
2 =
1
𝑁
𝜎2    →     𝜎?̅?√
𝑥2̅̅ ̅ − ?̅?2
𝑁
∝
1
√𝑁
 
 
In a normal distribution, 𝜎?̅? defines the error for the average value of the samples (?̅?) 
depending on the confidence of the result, determining various confidence intervals (CI) as 
shown below (see Figure 5.2): 
 
𝐶𝐼 68% → [?̅? − 𝜎?̅? ≤ ?̅? ≤ ?̅? + 𝜎?̅?] 
𝐶𝐼 95% → [?̅? − 1,96𝜎?̅? ≤ ?̅? ≤ ?̅? + 1,96𝜎?̅?] 
𝐶𝐼 99% → [?̅? − 2,58𝜎?̅? ≤ ?̅? ≤ ?̅? + 2,58𝜎?̅?] 
 
                                                 
29 Lyndon State College Atmospheric Sciences. 
http://apollo.lsc.vsc.edu/classes/remote/lecture_notes/measurements/bias_random_errors.html 
(?̅?) (𝜇𝑥) 
(𝑥𝑖) 
(5.3) 
(5.4) 
(5.5) 
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40Figure 5.2. The normal distribution and the 68%, 95% and 99% confidence intervals [30] 
 
 
 Figure of merit: It is a numerical quantity based on one or more characteristics of a device, 
system or method, representing a measure of efficiency or effectiveness. This statistic is also 
applied for the Monte Carlo method, and is defined in equation (5.6): 
 
𝐹𝑂𝑀 =
1
𝑅2𝑇
 
Where, 
𝑅 =
𝜎?̅?
?̅?
∝
1
√𝑁
 
 𝑅 is the relative error (𝑅2 ∝  1/𝑁). 
 𝑇 is the simulation time (proportional to the number of histories, 𝑇 ∝ 𝑁). 
 
According to the mentioned proportionalities: 𝑅2 ∝  1/𝑁 and 𝑇 ∝ 𝑁, FOM should remain 
relatively constant after some first transient cycles of simulation. This statistic is very useful 
to see if the Monte Carlo simulation gives an expected response, as well as to see how 
many cycles of how many neutrons are needed to achieve the desired constant shape in 
the FOM. 
 
 
5.1.1. Analog and implicit estimations comparison 
 
As explained in Chapter 3, the implicit estimation of keff seems to be better than the analog 
estimation since more information is obtained per neutron, reducing the uncertainty in the 
solution. However, some benchmarking simulations have been done in order to check the 
behavior of both methodologies, with the aim of deciding which one will be used from now on. 
The simulation is done for the 13x13 FCM fuel assembly by running 1500 cycles of 10000 
neutrons population, and both analog and implicit estimations will be compared by using the 
two statistical parameters introduced before: the FOM and the σx̅.  
(5.6) 
(5.7) 
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 Analog keff estimation 
 
 
 
41Figure 5.3. FOM using Analog keff estimation 
 
 
42Figure 5.4. 𝜎?̅? using Analog keff estimation 
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 Implicit keff estimation 
 
 
43Figure 5.5. FOM using Implicit keff estimation 
 
 
 
 
44Figure 5.6. 𝜎?̅?  using Implicit keff estimation 
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As shown in Figure 5.3 and Figure 5.5, SERPENT achieves a constant FOM rapidly, which means 
that it does not need so many cycles to become effectiveness. As expected, this constant shape 
is achieved in both cases; however, the analog estimation FOM curve requires less cycles to 
obtain its maximum value and seems to be more stable than the implicit estimation. On the 
other hand, the use of the implicit estimation reduces significantly the uncertainty in the 
solution and increases the maximum FOM value. 
 
The FOM curve performs a slightly rippled shape, but this is an expected behavior that does 
not compromise the stability or the methodology efficiency, being only a matter of the 
precision with which the uncertainty has been given by the output. The difference between 
two uncertainty values is not that precise in these simulations (1pcm) to change its value very 
frequently in time, so when it changes the FOM curve shows a detectable discrete jump. 
 
Table 5.1 gathers the relevant information extracted from the Figures 5.3, 5.4, 5.5 and 5.6. 
 
 Analog keff estimation Implicit keff estimation 
FOM maximum value stabilizes? Yes (very stable) Yes (stable) 
Number of cycles required to achieve 
the maximum FOM value 
500 cycles 900 cycles 
Maximum FOM value 950.000 5.500.000 
σx̅ after 1000 cycles 41pcm 17pcm 
 
8Table 5.1. Comparison between analog and implicit keff estimations 
 
In the view of these results, the implicit keff estimation is considered to be more interesting 
because, although it does not stabilizes as fast as the analog keff estimation, does it in a FOM 
value (effectiveness) more than 5 times higher and achieving a σx̅ lower than a half. In 
addition, although a minimum of 900 cycles will be required to run the simulations, this is not 
an exaggerated value, which would be also needed by using the analog keff estimation if looking 
for some good precision in the results. Therefore, a 1000 cycles simulation is considered 
adequate to obtain a solution using implicit keff estimation. 
 
5.1.2. Number of cycles and neutron population 
 
A good accuracy is only achieved by working with a faithful model, so the systematic error 
cannot be decreased by changing any of the simulation parameters. However, precision (unlike 
accuracy) is enhanced by reducing 𝜎?̅?, which is mainly determined by the number of sampled 
histories (𝑁) used to run the simulation (i.e. the number of cycles and the neutron population). 
 
Although error in the response decreases by using a large amount of neutrons, time of 
calculation is significantly increased as well. Hence, in order to decide an appropriate neutron 
population, some simulations of the 13x13 FCM fuel assembly have been done using 1000 
cycles and different number of neutron population, which are compared by using the FOM and 
the σx̅ obtained in their response. 
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 Number of cycles: 1000 
Neutron population per cycle: 25000 
Time of simulation: 35min 
 
 
 
45Figure 5.7. FOM for 1000 cycles and 25000 neutron population 
 
 
46Figure 5.8. 𝜎?̅?  for 1000 cycles and 25000 neutron population 
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 Number of cycles: 1000 
Neutron population per cycle: 50000 
Time of simulation: 1h 10min 
 
 
 
 
47Figure 5.9. FOM for 1000 cycles and 50000 neutron population 
 
 
48Figure 5.10. 𝜎?̅? for 1000 cycles and 50000 neutron population 
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 Number of cycles: 1000 
Neutron population per cycle: 80000 
Time of simulation: 1h 52min 
 
 
 
49Figure 5.11. FOM for 1000 cycles and 80000 neutron population 
 
 
50Figure 5.12.  𝜎?̅?   for 1000 cycles and 80000 neutron population 
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 Number of cycles: 1000 
Neutron population per cycle: 100000 
Time of simulation: 2h 17min 
 
 
 
51Figure 5.13. FOM for 1000 cycles and 100000 neutron population 
 
 
 
52Figure 5.14. 𝜎?̅?  for 1000 cycles and 100000 neutron population 
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As shown in Figures 5.7, 5.9, 5.11 and 5.13 the FOM shape ripple becomes more significant for 
higher neutron population due to the reduced value of the uncertainties; however, in all cases 
FOM seems to stabilize in a maximum value. In regard to the error, it decreases rapidly, 
experiencing the larger change during the first 200 cycles, which matches with the rapid FOM 
value increase. However, as shown in the uncertainty labels, the precision in the results 
changes depending on the neutron population per cycle. Then it is necessary to define the 
concrete error we are willing to commit and choose the neutron population according to it, but 
always considering more than 900 cycles to achieve the highest FOM possible. 
 
An 80000 neutron population has been considered attending to achieve around 5pcm – 6pcm 
uncertainty in the steady-state calculation, with the aim of not obtaining higher than 10pcm 
uncertainties in the last steps of the burnup calculation and avoiding extremely long time 
calculations according to the project scope. 
 
 
Finally, it´s necessary to determine the number of inactive cycles, which are run before the 
1000 selected active cycles. The information obtained from these inactive cycles is not used to 
calculate any of the results, but they are run in order to allow the initial fission source 
distribution to converge before starting to collect the results [33]. 
 
A large number of inactive cycles are usually needed for full-core calculations; however, this 
thesis is focused on fuel assembly level calculations where inactive cycles are not that 
important. Hence, before entering into a specific methodology to calculate the number of 
inactive cycles, two benchmarking simulations have been done by using 20 and 200 inactive 
cycles respectively, obtaining no variation in the results. In the view of this, 50 inactive cycles 
have been selected, which is enough to distribute the initial fission source and not to increase 
uselessly the time of simulation. 
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5.1.3. Burnup parameters 
 
In order to run the burnup calculation some input information must be introduced, such as the 
calculation method type or the number of steps the burnup calculation is divided into. These 
parameters are extremely influent on the obtained results, so it is interesting to run some 
benchmarking calculations with the aim of describing as correct as possible the desired burnup 
simulation. 
 
To show the variation in the results depending on the input parameters, five simulations using 
the default Chebyshev Rational Approximation Method (CRAM) have been done, changing the 
number and length of the steps. The keff results obtained from these simulations are 
summarized in Table 5.2. 
 
 
1 step 3 steps 3 steps 7 steps 11 steps 
Burnup 
(
  𝒅
    
) 
Keff 
Burnup 
(
  𝒅
    
) 
Keff 
Burnup 
(
  𝒅
    
) 
Keff 
Burnup 
(
  𝒅
    
) 
Keff 
Burnup 
(
  𝒅
    
) 
Keff 
0 1.50564 0 1.50494 0 1.50516 0 1.50490 0 1.50541 
120 1.06392 5 1.42554 15 1.38536 1 1.44563 1 1.44564 
  
30 1.32424 50 1.24761 5 1.42456 5 1.42432 
  
120 1.01519 120 0.983269 15 1.38329 10 1.40371 
      
30 1.32033 15 1.38264 
      
50 1.23745 30 1.31953 
      
85 1.09168 50 1.23698 
      
120 0.91729 70 1.14959 
        
85 1.07496 
        
95 1.01849 
        
110 0.92936 
        
120 0.85947 
 
9Table 5.2. Different number and length steps burnup calculation 
 
As showed, the keff changes significantly depending on the number of steps and depending on 
the length step used. However, another previous comparison has been done in order to check 
if these differences are influenced by the methodology used to run the burnup calculation. 
 
The SERPENT code has two methods for solving the Bateman equations describing the changes 
in the isotopic compositions caused by neutron-induced reactions and radioactive decay [33]: 
The Transmutation Trajectory Analysis (TTA), which calculates the analytical solution of 
linearized transmutation chains, and the Chebyshev Rational Approximation Method (CRAM), 
which calculates a matrix exponential solution. Same simulations have been done by using 
both methodologies in order to check if they produce different results (see Table 5.3). 
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TTA method 
1 step 3 steps 3 steps 7 steps 
Burnup 
(
  𝒅
    
) 
Keff 
Burnup 
(
  𝒅
    
) 
Keff 
Burnup 
(
  𝒅
    
) 
Keff 
Burnup 
(
  𝒅
    
) 
Keff 
0 1.50541 0 1.50565 0 1.50546 0 1.50553 
120 1.06416 5 1.42558 15 1.38566 1 1.44545 
  
30 1.32403 50 1.24757 5 1.42462 
  
120 1.01545 120 0.983289 15 1.38303 
      
30 1.32027 
      
50 1.23749 
      
85 1.09174 
      
120 0.917320 
 
 
 
CRAM method 
1 step 3 steps 3 steps 7 steps 
Burnup 
(
  𝒅
    
) 
Keff 
Burnup 
(
  𝒅
    
) 
Keff 
Burnup 
(
  𝒅
    
) 
Keff 
Burnup 
(
  𝒅
    
) 
Keff 
0 1.50538 0 1.50550 0 1.50556 0 1.50541 
120 1.06385 5 1.42541 15 1.38556 1 1.44558 
  30 1.32420 50 1.24784 5 1.42459 
  120 1.01532 120 0.983190 15 1.38324 
      30 1.32044 
      50 1.23743 
      85 1.09180 
      120 0.917285 
 
10Table 5.3. Comparison between TTA method and CRAM method 
 
Table 5.3 shows no significant differences between both methodologies, obtaining similar 
results for the same burnup step case. However, the simulation using CRAM method is a bit 
faster than using TTA method, so the default CRAM method will be used from now on. 
 
On the other hand, the significant influence of the number and length of the steps in the 
burnup calculation could be because of their significant impact on the accumulation of certain 
isotopes. The materials compositions and the transmutation cross sections are time-
independent throughout each discrete time step, so the use of long burnup steps may produce 
significant errors in the results. In order to minimize this error the burnup calculation has been 
divided into equal length steps and the total number of steps has been increased (see Table 5.4 
and 5.5). The aim of these simulations is to see if the keff converges for more detailed burnup 
calculations and decide the burnup step configuration will be used.  
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5 equal steps 10 equal steps 15 equal steps 20 equal steps 
Burnup 
(
  𝒅
    
) 
Keff 
Burnup 
(
  𝒅
    
) 
Keff 
Burnup 
(
  𝒅
    
) 
Keff 
Burnup 
(
  𝒅
    
) 
Keff 
0 1.50531 0 1.50543 0 1.50560 0 1.50549 
24 1.35015 12 1.39727 8 1.41357 6 1.42160 
48 1.25173 24 1.34597 16 1.37909 12 1.39568 
72 1.14934 36 1.29504 24 1.34448 18 1.36995 
96 1.03390 48 1.24336 32 1.31028 24 1.34413 
120 0.899261 60 1.18998 40 1.27553 30 1.31823 
  72 1.13294 48 1.23994 36 1.29191 
  
84 1.07204 56 1.20384 42 1.26528 
  
96 1.00490 64 1.16619 48 1.23861 
  
108 0.930596 72 1.12695 54 1.21100 
  
120 0.849260 80 1.08504 60 1.18289 
  
  88 1.04042 66 1.15386 
    
96 0.993037 72 1.12338 
    
104 0.942029 78 1.09207 
    
112 0.886777 84 1.05844 
    
120 0.828322 90 1.02366 
    
  96 0.986589 
      
102 0.947629 
      
108 0.906217 
      
114 0.862644 
      
120 0.816711 
        11Table 5.4. Burnup calculation for keff convergence (5 to 20 equal steps) 
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30 equal steps 40 equal steps 60 equal steps 
Burnup 
(
  𝒅
    
) 
Keff 
Burnup 
(
  𝒅
    
) 
Keff 
Burnup 
(
  𝒅
    
) 
Keff 
Burnup 
(
  𝒅
    
) 
Keff 
0 1.50564 0 1.50541 0 1.50546 62 1.16829 
4 1.42920 3 1.43361 2 1.43847 64 1.15805 
8 1.41237 6 1.42033 4 1.42833 66 1.14778 
12 1.39548 9 1.40807 6 1.42017 68 1.13745 
16 1.37816 12 1.39521 8 1.41187 70 1.12728 
20 1.36104 15 1.38212 10 1.40339 72 1.11652 
24 1.34314 18 1.36967 12 1.39487 74 1.10579 
28 1.32594 21 1.35619 14 1.38611 76 1.09477 
32 1.30844 24 1.34284 16 1.37749 78 1.08358 
36 1.29045 27 1.32962 18 1.36909 80 1.07226 
40 1.27269 30 1.31653 20 1.36046 82 1.06105 
44 1.25476 33 1.30332 22 1.35156 84 1.04884 
48 1.23656 36 1.28990 24 1.34254 86 1.03663 
52 1.21814 39 1.27663 26 1.33367 88 1.02451 
56 1.19969 42 1.26331 28 1.32504 90 1.01217 
60 1.18054 45 1.24978 30 1.31627 92 0.999575 
64 1.16073 48 1.23593 32 1.30747 94 0.986228 
68 1.14096 51 1.22212 34 1.29831 96 0.972922 
72 1.12033 54 1.20764 36 1.28956 98 0.959257 
76 1.09869 57 1.19347 38 1.28054 100 0.945487 
80 1.07662 60 1.17917 40 1.27161 102 0.931503 
84 1.05393 63 1.16437 42 1.26214 104 0.916954 
88 1.03028 66 1.14950 44 1.25320 106 0.902037 
92 1.00602 69 1.13415 46 1.24401 108 0.886943 
96 0.979853 72 1.11817 48 1.23492 110 0.871620 
100 0.953428 75 1.10237 50 1.22579 112 0.856086 
104 0.925617 78 1.08583 52 1.21615 114 0.840006 
108 0.896827 81 1.06867 54 1.20675 116 0.823818 
112 0.866970 84 1.05136 56 1.19728 118 0.807502 
116 0.836192 87 1.03385 58 1.18746 120 0.790976 
120 0.804447 90 1.01518 60 1.17809   
  93 0.996065     
  
96 0.976785     
  
99 0.956256     
  
102 0.935562     
  
105 0.914229     
  
108 0.892127     
  
111 0.869385     
  
114 0.846048     
  
117 0.822081     
  
120 0.798103     
 
12Table 5.5. Burnup calculation for keff convergence (30 to 60 equal steps) 
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First important aspect to notice is that the accumulated error is reduced by using equal length 
steps instead of using any other step configuration, even for the same number of steps. 
Secondly, Table 5.4 and Table 5.5 show that for more detailed burnup calculations the 
accumulated error is reduced and keff seems to converge. In order to decide the step 
configuration for future burnup calculations, these results are plotted in Table 5.6 and Figure 
5.15 to show how keff changes by adding more steps and detailing the burnup calculation. 
 
Number of steps Step length (
  𝒅
    
) keff (last step) 
5 24 0,899261 
10 12 0,84926 
15 8 0,828322 
20 6 0,816711 
30 4 0,804447 
40 3 0,798103 
60 2 0,790976 
 
13Table 5.6. Number of steps and step length comparison 
 
53Figure 5.15. Number of steps influence on last step result 
 
As long as the burnup calculation becomes more detailed, the change in the keff per added step 
is reduced because the step length becomes closer between the simulations. It must be also 
taken into account that calculation time increases linearly with the number of steps, so for a 
large number of steps the keff will almost converge whereas simulation time will increase 
significantly. It has been decided to use a 3MWd/kgHM step length for the burnup calculations, 
which gives an almost converged keff value without overly increasing time calculation according 
to the project scope. 
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5.2. TRISO particles modeling comparison 
 
The aim of this section is to analyze weather the results obtained using the explicit 
particle/pebble bed fuel model to define the TRISO particles have significant differences 
compared to the results obtained using the infinite 3D lattice. As explained in Chapter 4, the 
regular 3D arrangement (see Figure 5.16) can be descripted in the input file, but the explicit 
model requires an extra file describing the concrete coordinates of the TRISO particles inside 
the geometry. 
 
 
 
 
 
 
 
 
 
 
 
 
54Figure 5.16. Regular distribution of TRISO using an infinite 3D lattice 
 
This coordinates distribution is wanted to be random in order to be as close to a reality as 
possible. However, this first idea fails because when approximately the 10% of the TRISO 
particles remain to be located during the random distribution process, it becomes impossible 
to add any more particle without touching the already located TRISO particles or the geometry 
boundaries. This is due to the packing fraction value (40%), which represents an important 
distribution density of TRISO particles. Thus, TRISO particles require to be slightly ordered to be 
located inside the fuel pin geometry. The strategy adopted to avoid this problem is to 
completely fill the fuel pin with the maximum amount of TRISO particles possible, and 
afterwards randomly extract some of them until achieving the desired 40% packing fraction 
(see Figure 5.17). 
 
 
 
 
 
 
 
 
 
 
 
 
 
55Figure 5.17. Random distribution of TRISO using explicit model 
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By using this methodology a more random TRISO particles distribution is achieved compared to 
the infinite 3D lattice methodology and, in addition, the problem of cutting the particles by the 
outer boundary is avoided. 
 
It is desired to check if this detailed description of the geometry produces significant 
differences in the results. With this objective, a same standard burnup calculation has been 
simulated by using the 3D lattice modeling and the explicit particle model, achieving their 
reactivity values along burnup as shown in Figure 5.18 and Table 5.7. 
 
 
 
56Figure 5.18. 3D lattice and explicit model reactivity curves comparison 
 
In the light of the reactivity curves, similar keff values are obtained from both types of TRISO 
particles description at a fuel assembly level. However, the calculation time increases 
significantly (about 30%) if the detailed explicit model is used, so a regular 3D array will be 
used from now on. Anyway, it is important to notice that only the reactivity curves have been 
benchmarked, so a more exhaustive comparison could be interesting for future analyses. 
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3D lattice Explicit model 
EFPD 
(𝒅𝒂  ) 
Burnup 
 
(
  𝒅
    
) 
keff 
 ?̅? 
( 𝒄𝒎) 
keff 
 ?̅? 
( 𝒄𝒎) 
0,00 0 1,491380 ±4 1,491100 ±4 
23,18 3 1,420120 ±4 1,420110 ±4 
46,37 6 1,407170 ±4 1,407050 ±4 
69,55 9 1,394780 ±4 1,394530 ±4 
92,73 12 1,382110 ±4 1,381760 ±4 
115,92 15 1,369030 ±4 1,368840 ±4 
139,10 18 1,356030 ±4 1,355750 ±4 
162,29 21 1,342940 ±4 1,342520 ±4 
185,47 24 1,329610 ±4 1,329410 ±4 
208,65 27 1,316600 ±4 1,316290 ±4 
231,84 30 1,303400 ±4 1,303010 ±4 
255,02 33 1,290320 ±4 1,289950 ±4 
278,20 36 1,277010 ±4 1,276670 ±4 
301,39 39 1,263890 ±4 1,263450 ±4 
324,57 42 1,250540 ±5 1,250300 ±4 
347,76 45 1,237270 ±4 1,236760 ±5 
370,94 48 1,223770 ±5 1,223520 ±5 
394,12 51 1,210200 ±5 1,210040 ±5 
417,31 54 1,196590 ±5 1,196190 ±5 
440,49 57 1,182710 ±5 1,182440 ±5 
463,67 60 1,168560 ±5 1,168560 ±5 
486,86 63 1,154350 ±5 1,154240 ±5 
510,04 66 1,140040 ±5 1,139770 ±5 
533,23 69 1,125180 ±5 1,125140 ±5 
556,41 72 1,110100 ±5 1,110130 ±5 
579,59 75 1,094850 ±5 1,095020 ±5 
602,78 78 1,079130 ±5 1,079360 ±5 
625,96 81 1,063170 ±5 1,063400 ±5 
649,14 84 1,046770 ±5 1,046870 ±5 
672,33 87 1,029850 ±5 1,030080 ±5 
695,51 90 1,012650 ±5 1,013050 ±5 
718,69 93 0,994759 ±5 0,995399 ±5 
741,88 96 0,976578 ±6 0,977158 ±6 
765,06 99 0,957747 ±6 0,958480 ±6 
788,25 102 0,938493 ±5 0,939472 ±5 
811,43 105 0,918787 ±6 0,919704 ±6 
834,61 108 0,898432 ±6 0,899523 ±6 
857,80 111 0,877550 ±6 0,878757 ±6 
880,98 114 0,856211 ±6 0,857498 ±6 
904,16 117 0,834356 ±6 0,835905 ±6 
927,35 120 0,812056 ±6 0,813815 ±6 
 
14Table 5.7. 3D lattice and explicit model comparison 
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Chapter 6 
 
Results and discussion 
 
 
In this section, all the results from the simulations are included and discussed in two separate 
sections: The reactivity curves analysis and the safety parameters analysis. The latter includes 
the calculations for the already introduced MTC, FTC and CVR safety parameters. 
 
 
6.1. Reactivity curves 
 
The first benchmarking step between the 17x17 Westinghouse UO2 fuel assembly and the 
designed 13x13 FCM fuel assembly is a reactivity analysis along the fuel cycle (see Table 6.1). 
For the original configuration, this analysis is run from the steady state calculation until fuel is 
typically discharged from the reactor, i.e. 50 MWd/kgHM; whereas for the FCM fuel assembly 
calculation it has been run until the typical discharge value of the LEU TRISO particles used in 
HTGR, i.e. 120 MWd/kgHM [15]. Same step length has been used for both burnup calculations, 
i.e. 3MWd/kgHM, as calculated in Chapter 5. 
  
Before analyzing keff behavior in both fuel assemblies, it must be noticed that burnup ratio is 
highly increased by the use of FCM fuel. As plotted in Figure 6.1, after same effective full-
power days (EFPD) higher burnup rates are obtained from the FCM fuel than for the UO2 
configuration, which is due to the difference between the heavy metal (HM)30 mass introduced 
in them. As explained before, the same total power is produced by both fuel assemblies and 
same amount of fissile 235U mass is introduced in them. However, the compatibility study 
showed that the use of FCM fuel requires higher enrichments, leading to a lower total heavy 
metal mass and thus increasing burnup rate although working the same EFPD at the same 
power.  
  
                                                 
30
 It refers to the total Uranium mass (
235
U + 
238
U) 
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17x17 Westinghouse FA  13x13 FCM FA 
EFPD 
(𝒅𝒂  ) 
Burnup 
 
(
  𝒅
    
) 
keff 
 ?̅? 
( 𝒄𝒎)  
EFPD 
(𝒅𝒂  ) 
Burnup 
 
(
  𝒅
    
) 
keff 
 ?̅? 
( 𝒄𝒎) 
0,00 0 1,33903 ±5  0,00 0 1,49138 ±4 
75,93 3 1,25575 ±5  23,18 3 1,42012 ±4 
151,85 6 1,22046 ±5  46,37 6 1,40717 ±4 
227,78 9 1,18771 ±5  69,55 9 1,39478 ±4 
303,71 12 1,15728 ±5  92,73 12 1,38211 ±4 
379,63 15 1,12897 ±5  115,92 15 1,36903 ±4 
455,56 18 1,10259 ±6  139,10 18 1,35603 ±4 
531,49 21 1,07719 ±6  162,29 21 1,34294 ±4 
607,41 24 1,05296 ±6  185,47 24 1,32961 ±4 
683,34 27 1,02938 ±6  208,65 27 1,31660 ±4 
759,27 30 1,00692 ±6  231,84 30 1,30340 ±4 
835,19 33 0,985036 ±6  255,02 33 1,29032 ±4 
911,12 36 0,963656 ±6  278,20 36 1,27701 ±4 
987,05 39 0,943252 ±7  301,39 39 1,26389 ±4 
1062,97 42 0,923505 ±7  324,57 42 1,25054 ±5 
1138,90 45 0,904777 ±7  347,76 45 1,23727 ±4 
1214,83 48 0,886782 ±7  370,94 48 1,22377 ±5 
1290,75 51 0,869819 ±7  394,12 51 1,21020 ±5 
     417,31 54 1,19659 ±5 
     440,49 57 1,18271 ±5 
     463,67 60 1,16856 ±5 
     486,86 63 1,15435 ±5 
     510,04 66 1,14004 ±5 
     533,23 69 1,12518 ±5 
     556,41 72 1,11010 ±5 
     579,59 75 1,09485 ±5 
     602,78 78 1,07913 ±5 
     625,96 81 1,06317 ±5 
     649,14 84 1,04677 ±5 
     672,33 87 1,02985 ±5 
     695,51 90 1,01265 ±5 
     718,69 93 0,994759 ±5 
     741,88 96 0,976578 ±6 
     765,06 99 0,957747 ±6 
     788,25 102 0,938493 ±5 
     811,43 105 0,918787 ±6 
     834,61 108 0,898432 ±6 
     857,80 111 0,877550 ±6 
     880,98 114 0,856211 ±6 
     904,16 117 0,834356 ±6 
     927,35 120 0,812056 ±6 
 
15Table 6.1. Burnup calculation for the 17x17 Westinghouse FA and the 13x13 FCM FA 
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57Figure 6.1. Burnup curves versus EFPD 
 
This characteristic is also shown in Figure 6.2 by representing neutron multiplication factor 
versus burnup. A higher discharge burnup is achieved because the new fuel assembly 
configuration allows achieving higher potential keff values for same burnup rates, so fuel can be 
used in the reactor beyond 50MWd/kgHM, almost until 120MWd/kgHM as in HTGR. 
 
It is also noticed that both curves present a rapid keff decrease between the two first steps of 
simulation. This is due to the fast accumulation of generated fission products such as 135Xe or 
149Sm, which act as neutron absorbers and decrease keff. 
 
 
58Figure 6.2. Reactivity curves versus burnup 
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Moreover, a very interesting representation to compare reactivity curves of both fuel 
assemblies is to plot the keff versus EFPD with the aim of benchmarking their depletion rate 
(see Figure 6.3). 
 
 
59Figure 6.3. Depletion rate comparison 
 
At BOL, significant higher keff values are obtained from the FCM fuel configuration mainly 
because of two reasons. 
 
In first place, because the higher fuel enrichment and the non-reactive SiC matrix around TRISO 
particles leads to a significant lack of self-shielding in the FCM fuel. For the original UO2 pellet, 
the already thermalized neutron tends to interact with fuel atoms located close to the external 
surface of the pellet, making it difficult to arrive to the center part of the fuel without 
undergoing any interaction in the way. On the case of the FCM fuel, due to SiC neutron 
transparency and a higher 235U mass per unit fuel volume, the probability of interaction with 
the inner part of the fuel increases. 
 
The second reason is the significant amount of Carbon (C) in the TRISO particles layers and SiC 
matrix in FCM fuel, which acts as a moderator and enhances the thermalization process. This 
effect combined with a lower amount of 238U in the fuel leads to increase the resonance escape 
probability (ρ) (see Figure 6.4), increasing significantly keff. 
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60Figure 6.4. Resonance escape probability (ρ) comparison 
 
However, although these characteristics are present during the whole cycle, Figure 6.3 showed 
that FCM fuel depletion rate is very stiff comparing with the UO2 fuel, even arriving to obtain a 
lower keff after 700 days. This behavior is not expected at first because both fuel assemblies 
must have produced the same total energy after same number of days as long as working at 
same power, so FCM fuel should not seem to run out that fast compared to oxide fuel. One of 
the reasons of this behavior is that FCM fuel depletes faster the fissile 235U isotope along the 
cycle compared to UO2 fuel. This happens because 
235U fission represents a larger contribution 
to the total energy for in the FCM fuel configuration than in oxide fuel, reducing rapidly the 
total amount of fissile material (see Figure 6.5). 
 
 
61Figure 6.5. 
235
U depletion 
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On the other hand, for oxide fuel a larger fraction of the energy comes from the fission of some 
transuranic elements (TRU) such as 239Pu and 241Pu, leading to not need that much 235U fissions 
to produce the same energy as the FCM fuel.  This is due to the higher quantity of 238U in the 
oxide fuel composition, which reduces resonance escape probability and increases its neutron 
capture rate, leading to breed more plutonium than the FCM fuel (see Figure 6.6). 
 
 
62Figure 6.6. 
239
Pu mass versus EFDP 
 
Summarizing, it can be said that FCM fuel does not breed that much plutonium as the oxide 
fuel, reducing neutron economy since almost all the energy is produced from 235U fission, and 
thus leading to reduce cycle length significantly. On the other hand, FCM fuel is very interesting 
in a non-proliferation point of view and its higher discharged burnup and lower TRU generation 
is advantageous in the way of reducing nuclear waste at final disposal. 
 
 
6.2. Safety parameters 
 
6.2.1. MTC 
 
The Moderator Temperature Coefficient (MTC) is the first safety parameter to be analyzed, and 
the procedure followed for its calculation is explained in more detail than for the other 
coefficients, which are calculated similarly. MTC measures the change on reactivity caused by a 
change in moderator temperature, so it is necessary to translate keff information into reactivity 
(ρ) terms before calculating MTC (6.1). 
 
𝜌 =
𝑘𝑒𝑓𝑓 − 1
𝑘𝑒𝑓𝑓
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However, the uncertainty in the keff solution cannot be directly applied to 𝜌, and it is necessary 
to use the Propagation of Error Formula (6.2) in order to calculate its uncertainty σ(𝜌): 
 
𝜎(𝑓(𝑦𝑖)) = √∑(
𝜕𝑓
𝜕𝑦𝑖
· 𝜎(𝑦𝑖))
2
𝑖
 
 
In this case, the Propagation of Error Formula would be applied as follows: 
 
σ(𝜌) = 𝜎 (𝑓(𝑘𝑒𝑓𝑓)) = √∑(
𝜕𝑓(𝑘𝑒𝑓𝑓)
𝜕𝑘𝑒𝑓𝑓
· 𝜎(𝑘𝑒𝑓𝑓))
2
=
𝜎(𝑘𝑒𝑓𝑓)
𝑘𝑒𝑓𝑓
2  
Where, 
𝜌 = 𝑓(𝑘𝑒𝑓𝑓) 
 
𝜌 value is basically influenced by the water density, which varies significantly by a change of its 
temperature. Hence, it has been considered a range of interest for the MTC calculation, which 
includes temperatures between 573K (average work temperature) and 613K (saturation 
temperature). However, 𝜌 variation with water density happens in such a way that makes it 
difficult to find an appropriate relationship between 𝜌 and water temperatures in the range of 
interest. Consequently, it has been considered a good approach to calculate MTC as the slope 
of a linear regression fitted to the keff values obtained for the temperatures within the range of 
interest (see Figure 6.7). 
 
Note: The uncertainties of the values are less than the point diameter 
63Figure 6.7. MTC linear fitting example 
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It is observed that the behavior of the fitting is almost represented by two temperature values: 
573K and 605K.  Therefore, and with the aim of reducing the number of burnup simulations to 
calculate MTC, it has been decided to fit the linear regression to the reactivity values obtained 
from these two temperatures. The equation of this linear regression is expressed in equation 
(6.3), in which must be noticed that its slope (𝑎 parameter) corresponds to the MTC value.  
 
𝑦 = 𝑎𝑥 + 𝑏 
 
However, the points this line fits have uncertainties associated to them, so the task is to 
calculate 𝑎 and 𝜎(𝑎) for the fitted line taking into account these uncertainties. This is done by 
minimizing the "S" function expressed in equation (6.4), which uses the Least Square Method 
but weighing the uncertainties of the points. 
 
𝑆 =∑
(𝑦𝑖 − 𝑎𝑥𝑖 − 𝑏)
2
𝜎𝑖2
 
 
Finally, by imposing 
𝜕𝑆
𝜕𝑎
= 0, the wanted relationships for 𝑎 and 𝜎(𝑎) can be achieved as 
expressed in equation (6.5) and equation (6.6) [42]. 
 
𝑎 =
∑
𝑥𝑖𝑦𝑖
𝜎𝑖2
𝑖 ∑
1
𝜎𝑖2
𝑖 − ∑
𝑦𝑖
𝜎𝑖2
𝑖 ∑
𝑥𝑖
𝜎𝑖2
𝑖
∑
1
𝜎𝑖2
𝑖 ∑
𝑥𝑖2
𝜎𝑖2
𝑖 − (∑
𝑥𝑖
𝜎𝑖2
𝑖 )
2  
 
𝜎(𝑎) = √
∑
1
𝜎𝑖2
𝑖
∑
1
𝜎𝑖2
𝑖 ∑
𝑥𝑖2
𝜎𝑖2
𝑖 − (∑
𝑥𝑖
𝜎𝑖2
𝑖 )
2 
 
After this briefly introduction to the procedure, the obtained 𝑀𝑇𝐶 and 𝜎(𝑀𝑇𝐶) values for all 
burnup steps and for both fuel assemblies are tabulated in Table 6.2 and plotted in Figure 6.8. 
These results are showed by dividing the fuel cycle into three time regions, in aid of its later 
discussion. 
  
(6.3) 
(6.4) 
(6.5) 
(6.6) 
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17x17 Westinghouse FA  13x13 FCM FA 
EFPD 
(𝒅𝒂  ) 
Burnup 
 
(
  𝒅
    
) 
MTC 
(
 𝒄𝒎
𝑲
) 
     
 
(
 𝒄𝒎
𝑲
)  
EFPD 
(𝒅𝒂  ) 
Burnup 
 
(
  𝒅
    
) 
MTC 
(
 𝒄𝒎
𝑲
) 
     
 
(
 𝒄𝒎
𝑲
) 
0,00 0 -40,39 ±0,13 
 
0,00 0 -23,14 ±0,09 
75,93 3 -44,52 ±0,13 
 
23,18 3 -23,86 ±0,09 
151,85 6 -48,75 ±0,13 
 
46,37 6 -25,17 ±0,09 
227,78 9 -51,75 ±0,18 
 
69,55 9 -26,18 ±0,09 
303,71 12 -52,96 ±0,20 
 
92,73 12 -27,35 ±0,09 
379,63 15 -53,71 ±0,20 
 
115,92 15 -28,43 ±0,09 
455,56 18 -53,06 ±0,22 
 
139,10 18 -29,43 ±0,09 
531,49 21 -51,37 ±0,22 
 
162,29 21 -30,38 ±0,09 
607,41 24 -49,02 ±0,27 
 
185,47 24 -31,26 ±0,09 
683,34 27 -44,83 ±0,27 
 
208,65 27 -32,29 ±0,09 
759,27 30 -42,05 ±0,27 
 
231,84 30 -33,10 ±0,11 
835,19 33 -37,28 ±0,29 
 
255,02 33 -33,93 ±0,09 
911,12 36 -30,65 ±0,31 
 
278,20 36 -34,40 ±0,11 
987,05 39 -23,68 ±0,35 
 
301,39 39 -35,12 ±0,13 
1062,97 42 -16,63 ±0,35 
 
324,57 42 -35,55 ±0,13 
1138,90 45 -8,83 ±0,40 
 
347,76 45 -35,73 ±0,13 
1214,83 48 0,29 ±0,40 
 
370,94 48 -36,02 ±0,13 
1290,75 51 7,97 ±0,40 
 
394,12 51 -35,80 ±0,16 
     
417,31 54 -36,29 ±0,16 
     
440,49 57 -35,89 ±0,18 
     
463,67 60 -34,98 ±0,18 
     
486,86 63 -35,23 ±0,18 
     
510,04 66 -34,87 ±0,18 
     
533,23 69 -33,27 ±0,18 
     
556,41 72 -32,45 ±0,18 
     
579,59 75 -30,88 ±0,20 
     
602,78 78 -28,92 ±0,20 
     
625,96 81 -27,23 ±0,20 
     
649,14 84 -25,11 ±0,24 
     
672,33 87 -21,51 ±0,24 
     
695,51 90 -18,86 ±0,24 
     
718,69 93 -14,48 ±0,24 
     
741,88 96 -9,93 ±0,27 
     
765,06 99 -4,33 ±0,31 
     
788,25 102 1,92 ±0,29 
     
811,43 105 8,64 ±0,31 
     
834,61 108 17,20 ±0,31 
     
857,80 111 27,16 ±0,35 
     
880,98 114 38,39 ±0,35 
     
904,16 117 51,19 ±0,38 
     
927,35 120 66,47 ±0,40 
 
16Table 6.2. MTC burnup calculation 
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64Figure 6.8. MTC burnup calculation 
 
BOL. Regarding to MTC behavior at BOL, it can be observed that it is negative in both cases due 
to the lack of moderation produced by a decrease in water density, which moves neutron 
spectrum towards higher energies, hence increasing resonance absorption and decreasing keff 
value. However, FCM fuel achieves a less negative MTC value comparing with oxide fuel. This 
happens because the decrease in moderation is not that significant in the FCM fuel case due to 
the important amount of C in its composition, which acts as a neutron moderator. In this sense, 
FCM fuel configuration becomes less sensitive to changes in water temperature since the 
thermalization process is shared between the water and the C present inside the fuel rod itself. 
Time region A. It corresponds to the first 400 days of cycle, where in both cases MTC becomes 
more negative. This is due to the depletion of 235U, which increases the 238U-235U ratio and thus 
enhances 238U resonance absorption (see Figure 6.9). This leads to a larger decrease of the 
resonance scape probability (ρ) when water temperature increases, leading to a more negative 
MTC value (e.g. Figure 6.10 for oxide fuel).  
 
65Figure 6.9. 
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66Figure 6.10. Decrease of the resonance scape probability (ρ) comparison 
 
Time region B. Although 238U-235U ratio effect leads to reduce MTC during along all fuel cycle, it 
can be noticed that in both cases MTC values become less negative and even positive as 
approaching to EOL. This is due to the accumulation of absorbent fission products such as 135Xe 
or 149Sm, which become more important for high burnup. As explained, an increase of the 
moderator temperature leads to a shift of the neutron spectrum to a higher energy, and the 
key point is that 135Xe or 149Sm absorption cross sections decrease for higher neutron energies 
(e.g. Figure 6.11 for 135Xe and Figure 6.12 for 149Sm). Hence, the presence of these fission 
products results in a positive contribution to MTC. 
 
 
67Figure 6.11. 
135
Xe radiative capture cross section 
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68Figure 6.12. 
149
Sm radiative capture cross section 
 
However, a significant difference between both configurations is noticed since FCM fuel tends 
to a positive MTC value faster than the oxide fuel. This behavior could be explained by two 
reasons. In first place, it must be considered that the resonance absorptions are not only due 
to 238U but also to 240Pu, especially as approaching EOL. As shown in Figure 6.13, the quantity of 
240Pu becomes significantly higher by using oxide fuel since more 239Pu is generated; therefore, 
the negative contribution of 240Pu to MTC allows oxide fuel configuration to not achieve a 
positive feedback as fast as in FCM fuel. 
 
 
69Figure 6.13. 
240
Pu mass versus time 
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The second reason, and maybe the most important one, lies in a significant difference between 
both configurations regarding to already commented 135Xe and 149Sm absorption contributions. 
For high burnup values, a significant fraction of the fuel has been depleted compared to BOL, 
which increases the moderator to fuel ratio and thus makes 135Xe and 149Sm positive 
contribution to the MTC more important at EOL. However, this effect becomes much more 
important in the case of the FCM fuel because its configuration leads to a higher depletion 
rate, which significantly thermalizes the neutron spectrum along fuel cycle comparing with 
oxide fuel. Due to this scenario, fission products are depleted faster in the case if the FCM fuel 
because of increasing its absorption probability, leading to a higher positive contribution to the 
MTC. This behavior is exemplified in Figure 6.14, for the case of the 149Sm isotope. 
 
70Figure 6.14. 
149
Sm mass versus time 
A very useful parameter in order to see these effects on the MTC curves is the thermal 
utilization factor (ϝ), which represents the fraction of neutrons absorbed by the fuel over the 
total neutrons absorbed in the system. Figure 6.15 and Figure 6.16 show for each fuel 
configuration respectively how much does ϝ change due to an increase of moderator 
temperature at different moments of the cycle.     
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72Figure 6.15. Oxide fuel ϝ factor variation 
 
71Figure 6.16. FCM fuel ϝ factor variation 
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It is observed that ϝ values, regardless of the moderator temperature, decrease faster for the 
FCM fuel than for the oxide fuel due to the higher depletion of 235U. In addition, it can be 
noticed that for the first 400 days, ϝ experiments the same change after a rise in water 
temperature in both fuel assemblies. Comparing simultaneously to Figure 6.8, this similarity 
corresponds to Time region A, where a similar behavior of the MTC is obtained from both fuel 
assemblies. However, from 400 days until EOL, ϝ value increases more in the FCM fuel 
configuration than in oxide fuel, which is in accordance to the difference obtained between 
both MTC curves in Time region B. 
This happens because 240Pu produces the opposite effect to 135Xe and 149Sm in the oxide fuel, 
smoothing the ϝ increase; whereas 135Xe and 149Sm contribution is enhanced for FCM fuel 
configuration, tending to increase significantly the ϝ ratio when neutron spectrum moves 
towards higher energies, especially at EOL. 
Finally, it must be commented that the other main influent factor in the MTC value apart from 
ϝ is the already mentioned resonance scape probability (ρ), which always decreases as a 
consequence of the increasing 238U resonance absorption after a water temperature rise as 
shown before. In this sense, it can be conclude that depending on the dominating effect (∆ϝ or 
∇ρ), MTC becomes more or less negative, or even positive. 
 
6.2.2. MTC (1000ppm boron) 
 
A variation of the MTC calculation has been done by dissolving 1000ppm of boron in the water, 
which represent the typically moderator boron concentration in PWR cycles at a nominal 
power [43]. 
The obtained results for 𝑀𝑇𝐶 and 𝜎(𝑀𝑇𝐶) are tabulated in Table 6.3, and a MTC comparison 
between 0ppm and 1000ppm boron concentrations is plotted in Figure 6.17: 
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17x17 Westinghouse FA  13x13 FCM FA 
EFPD 
(𝒅𝒂  ) 
Burnup 
 
(
  𝒅
    
) 
MTC 
(
 𝒄𝒎
𝑲
) 
     
 
(
 𝒄𝒎
𝑲
)  
EFPD 
(𝒅𝒂  ) 
Burnup 
 
(
  𝒅
    
) 
MTC 
(
 𝒄𝒎
𝑲
) 
     
 
(
 𝒄𝒎
𝑲
) 
0,00 0 -16,037 ±0,13 
 
0,00 0 -1,706 ±0,09 
75,93 3 -19,041 ±0,18 
 
23,18 3 -1,891 ±0,09 
151,85 6 -22,853 ±0,18 
 
46,37 6 -2,622 ±0,09 
227,78 9 -23,875 ±0,20 
 
69,55 9 -3,722 ±0,09 
303,71 12 -24,266 ±0,22 
 
92,73 12 -3,994 ±0,09 
379,63 15 -23,187 ±0,27 
 
115,92 15 -4,731 ±0,13 
455,56 18 -20,819 ±0,27 
 
139,10 18 -5,581 ±0,13 
531,49 21 -18,341 ±0,27 
 
162,29 21 -5,947 ±0,13 
607,41 24 -14,584 ±0,29 
 
185,47 24 -6,119 ±0,13 
683,34 27 -10,484 ±0,31 
 
208,65 27 -6,100 ±0,13 
759,27 30 -5,056 ±0,31 
 
231,84 30 -6,544 ±0,18 
835,19 33 0,909 ±0,31 
 
255,02 33 -6,238 ±0,18 
911,12 36 7,481 ±0,40 
 
278,20 36 -6,400 ±0,18 
987,05 39 14,569 ±0,40 
 
301,39 39 -5,953 ±0,18 
1062,97 42 22,222 ±0,40 
 
324,57 42 -6,091 ±0,18 
1138,90 45 31,203 ±0,44 
 
347,76 45 -5,516 ±0,18 
1214,83 48 39,241 ±0,44 
 
370,94 48 -4,409 ±0,18 
1290,75 51 48,056 ±0,49 
 
394,12 51 -4,122 ±0,18 
     
417,31 54 -2,816 ±0,18 
     
440,49 57 -2,078 ±0,18 
     
463,67 60 -0,334 ±0,18 
     
486,86 63 1,663 ±0,22 
     
510,04 66 3,713 ±0,22 
     
533,23 69 5,844 ±0,24 
     
556,41 72 8,719 ±0,24 
     
579,59 75 10,784 ±0,24 
     
602,78 78 14,237 ±0,27 
     
625,96 81 17,534 ±0,31 
     
649,14 84 21,109 ±0,31 
     
672,33 87 26,184 ±0,31 
     
695,51 90 32,184 ±0,31 
     
718,69 93 37,866 ±0,33 
     
741,88 96 44,200 ±0,35 
     
765,06 99 51,816 ±0,35 
     
788,25 102 60,438 ±0,38 
     
811,43 105 69,312 ±0,42 
     
834,61 108 79,878 ±0,40 
     
857,80 111 91,363 ±0,46 
 
17Table 6.3. MTC burnup calculation for 1000ppm boron concentration 
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73Figure 6.17. MTC comparison for 0ppm and 1000ppm boron concentration 
 
It can be observed for both fuel assemblies that, although MTC performs the same tendency 
regardless of their boron concentration, the curves are located in a more positive region of the 
MTC. Since boron is dissolved in the water, a temperature increase also reduces the boron 
density leading to reduce its absorption contribution. The high absorption cross section of the 
boron makes this effect very significant, leading to obtain important differences in the MTC 
depending on its level of concentration. Special careful must be taken in case of using FCM 
fuel, which has a very small negative MTC at BOL and achieves a positive feedback at mid-cycle. 
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6.2.3. FTC 
 
Fuel Temperature Coefficient (FTC) has been calculated similarly to MTC, but in this case by 
running various simulations changing only the fuel temperature, i.e. 300K, 600K, 900K, 1200K, 
1500K and 1800K, corresponding to the temperatures JEFF-3.1.1.xsdata cross section library is 
divided into. After keff  ρ translation, a linear regression has been fitted to each burnup step 
six-point vector, with the aim of calculating how much does the reactivity change with the fuel 
temperature. Although reactivity seems to have a slightly curvilinear relationship with fuel 
temperature, the linear fitting has been considered a good approach since not working with 
the very extreme temperatures (see Figure 6.18). 
 
 
Note: The uncertainties of the values are less than the point diameter 
74Figure 6.18. FTC linear fitting example 
 
After developing the fitting process as for MTC, the obtained results are gathered in Table 6.4. 
and plotted in Figure 6.19, which shows FTC and 𝜎 (FTC) values for both fuel assemblies, again 
divided into three time regions. 
  
86   6. Results and discussion 
 
 
 
17x17 Westinghouse FA  13x13 FCM FA 
EFPD 
(𝒅𝒂  ) 
Burnup 
 
(
  𝒅
    
) 
FTC 
(
 𝒄𝒎
𝑲
) 
     
 
(
 𝒄𝒎
𝑲
)  
EFPD 
(𝒅𝒂  ) 
Burnup 
 
(
  𝒅
    
) 
FTC 
(
 𝒄𝒎
𝑲
) 
     
 
(
 𝒄𝒎
𝑲
) 
0,00 0 -1,62 ±0,0024 
 
0,00 0 -1,48 ±0,0016 
75,93 3 -1,72 ±0,0024 
 
23,18 3 -1,52 ±0,0016 
151,85 6 -1,81 ±0,0024 
 
46,37 6 -1,56 ±0,0016 
227,78 9 -1,90 ±0,0028 
 
69,55 9 -1,58 ±0,0016 
303,71 12 -1,93 ±0,0033 
 
92,73 12 -1,63 ±0,0016 
379,63 15 -1,97 ±0,0036 
 
115,92 15 -1,66 ±0,0016 
455,56 18 -1,92 ±0,0037 
 
139,10 18 -1,70 ±0,0016 
531,49 21 -1,82 ±0,0040 
 
162,29 21 -1,74 ±0,0016 
607,41 24 -1,72 ±0,0042 
 
185,47 24 -1,82 ±0,0018 
683,34 27 -1,56 ±0,0045 
 
208,65 27 -1,81 ±0,0016 
759,27 30 -1,33 ±0,0048 
 
231,84 30 -1,89 ±0,0018 
835,19 33 -1,12 ±0,0052 
 
255,02 33 -1,92 ±0,0019 
911,12 36 -0,84 ±0,0055 
 
278,20 36 -1,93 ±0,0020 
987,05 39 -0,53 ±0,0061 
 
301,39 39 -1,97 ±0,0020 
1062,97 42 -0,18 ±0,0061 
 
324,57 42 -1,92 ±0,0024 
1138,90 45 0,18 ±0,0064 
 
347,76 45 -1,93 ±0,0024 
1214,83 48 0,52 ±0,0072 
 
370,94 48 -1,96 ±0,0026 
1290,75 51 0,89 ±0,0071 
 
394,12 51 -1,95 ±0,0028 
     
417,31 54 -1,94 ±0,0028 
     
440,49 57 -1,93 ±0,0029 
     
463,67 60 -1,85 ±0,0032 
     
486,86 63 -1,81 ±0,0032 
     
510,04 66 -1,77 ±0,0032 
     
533,23 69 -1,69 ±0,0032 
     
556,41 72 -1,61 ±0,0032 
     
579,59 75 -1,52 ±0,0032 
     
602,78 78 -1,41 ±0,0033 
     
625,96 81 -1,28 ±0,0036 
     
649,14 84 -1,12 ±0,0040 
     
672,33 87 -0,94 ±0,0044 
     
695,51 90 -0,72 ±0,0040 
     
718,69 93 -0,50 ±0,0044 
     
741,88 96 -0,21 ±0,0048 
     
765,06 99 0,11 ±0,0056 
     
788,25 102 0,50 ±0,0052 
     
811,43 105 0,92 ±0,0056 
     
834,61 108 1,43 ±0,0053 
     
857,80 111 2,00 ±0,0061 
     
880,98 114 2,59 ±0,0064 
     
904,16 117 3,29 ±0,0068 
     
927,35 120 4,11 ±0,0069 
 
18Table 6.4. FTC burnup calculation 
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75Figure 6.19. FTC comparison 
 
BOL: It can be noticed that FTC presents negative values for both configurations, similarly to 
MTC behavior, because the fact of increasing the fuel temperature also shifts the Maxwell 
neutron spectrum to higher energies. This is due to the increase of the resonance capture 
probability by a widening in the 238U absorption resonances (Doppler Effect), which leads to 
decrease the resonance scape probability (ρ), reducing the number of thermalized neutrons 
and thus hardening neutron spectrum [44]. 
 
On the other hand, it can be observed that at BOL the behavior of both fuel assemblies is much 
more similar for the FTC than for the MTC. At first, FCM fuel should present a more significant 
less negative FTC value compared to the oxide fuel because its lower total initial amount of 238U 
reduces the total negative contribution of the Doppler Effect. However, this effect is 
counteracted by the low slowing down power (SDP) of the C present in FCM fuel, which 
contributes to make FTC more negative. The SDP expresses the average loss in the logarithm of 
the energy per unit distance of travel in the moderator:  
 
𝑆𝐷𝑃 [𝑐𝑚−1] = 𝜉 · 𝛴𝑠 
 
Where, 
𝜉 = ln
𝐸
𝐸′
̅̅ ̅̅ ̅̅
 
 𝜉 is the average logarithmic energy decrement per collision. 𝐸 and 𝐸′ are the energies 
of the neutron before and after the collision respectively. 
 𝛴𝑠 is the scattering macroscopic cross-section of the moderator (cm
-1). 
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As explained before, the moderation process by the use of FCM fuel is shared between the 
light water and the C present in the non-reactive part of the fuel rod, whereas for oxide fuel all 
the thermalization is carried out by the light water. In order to understand why this difference 
is that important for the FTC, Table 6.5 shows the difference between C and H2O moderation 
effectiveness [45]. 
 
Moderator 𝝃 Collisions to thermalize SDP (cm-1) 
H2O 0,920 20 1,530 
Carbon (graphite) 0,158 115 0,064 
 
19Table 6.5. SDP for H2O and carbon moderators 
 
As observed, Carbon does not reduce that much energy per collision as H2O, so more collisions 
are needed to thermalize the fast neutron. This effect is extremely influent in the FTC, because 
the low SDP value of C makes the fast neutron scatter into a larger number of energetic levels, 
increasing significantly the resonance absorption probability in presence of Doppler Effect and 
thus producing a negative contribution to the FTC value.  
 
Time region A: FTC becomes more negative in both cases due to the depletion of 235U, which 
increases the 238U-235U ratio as explained before for the MTC. In addition, this factor makes 
more important the effect of the low SDP of C in the FCM fuel configuration, even leading to 
achieve a similar FTC value as for oxide fuel. 
 
Time region B: Approaching EOL, 240Pu and specially 135Xe and 149Sm contributions are 
dominants in front of any other effect, leading to obtain a similar behavior between FTC and 
MTC in this part of the cycle. 
 
As a general comment, it must be noticed that absolute values of FTC are significantly lower 
than MTC values due to the stronger lack of thermalization after a temperature rise in the 
water, which affects directly the moderator element. However, this does not reduce FTC 
importance in front of MTC, because FTC is the first mechanism to act after a sudden increase 
in the power, so a negative value is essential regarding to safety aspects. 
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6.2.4. Void worth 
 
Void worth coefficient (CVR) is calculated by the difference between the obtained keff from a 
standard system configuration with coolant and from the completely voided system. Hence, 
σ(𝐶𝑉𝑅) is directly calculated as follows: 
 
σ(𝐶𝑉𝑅) = √(
𝜕𝐶𝑉𝑅
𝜕𝑘𝑒𝑓𝑓 (𝑤𝑖𝑡ℎ𝑜𝑢𝑡)
· 𝜎(𝑘𝑒𝑓𝑓 (𝑤𝑖𝑡ℎ𝑜𝑢𝑡)))
2
+ (
𝜕𝐶𝑉𝑅
𝜕𝑘𝑒𝑓𝑓 (𝑤𝑖𝑡ℎ)
· 𝜎(𝑘𝑒𝑓𝑓 (𝑤𝑖𝑡ℎ)))
2
=
= √(𝜎(𝑘𝑒𝑓𝑓 (𝑤𝑖𝑡ℎ𝑜𝑢𝑡)))
2
+ (𝜎(𝑘𝑒𝑓𝑓 (𝑤𝑖𝑡ℎ)))
2
 
 
Where, 
𝐶𝑉𝑅 [𝑝𝑐𝑚] = (𝑘𝑒𝑓𝑓 (𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑐𝑜𝑜𝑙𝑎𝑛𝑡) − 𝑘𝑒𝑓𝑓 (𝑤𝑖𝑡ℎ 𝑐𝑜𝑜𝑙𝑎𝑛𝑡)) · 10
5 
 
The CVR calculation is very interesting because it is a useful parameter to describe the change 
in the reactivity of a reactor after a LOCA, when water in removed from the core. However, to 
perform a good CVR analysis it is absolutely necessary to take into account the neutron leakage 
factor, which becomes essential when there is no moderator in the core. Therefore, an 
adequate scenario to analyze CVR is to accurately describe the whole core and introduce 
“black” boundary conditions31 around it, in order to perform a more realistic analysis by taking 
into account the neutron leakage.  
However, this thesis is focused on benchmarking FCM fuel and oxide fuel configurations at a 
fuel assembly level, in which does not make sense to introduce black boundary conditions 
because almost all the neutrons would be rapidly killed by the boundary under absence of 
moderator conditions. Hence, the reflective boundary condition (no leakage) has been 
maintained for this analysis, so it must be noticed that the results lose their veracity as 
absolute values, and must be just taken in a way of comparing the behavior of both fuel 
assemblies. The obtained results for 𝐶𝑉𝑅 and σ(𝐶𝑉𝑅) are gathered in Table 6.6 and plotted in 
Figure 6.20. 
  
                                                 
31
 It is one of the boundary conditions that can be used in SERPENT. When the neutron encounters the 
“black” boundary it is “killed”; i.e. the chain is terminated for the neutron [33]. 
(6.9) 
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17x17 Westinghouse FA 
 
13x13 FCM FA 
EFPD 
(𝒅𝒂  ) 
Burnup 
 
(
  𝒅
    
) 
CVR 
( 𝒄𝒎) 
  𝑽  
( 𝒄𝒎)  
EFPD 
(𝒅𝒂  ) 
Burnup 
 
(
  𝒅
    
) 
CVR 
( 𝒄𝒎) 
  𝑽  
( 𝒄𝒎) 
0,00 0 -74622 ±10 
 
0,00 0 -64858 ±8 
75,93 3 -61897 ±9 
 
23,18 3 -58492 ±8 
151,85 6 -54418 ±9 
 
46,37 6 -57678 ±8 
227,78 9 -47754 ±9 
 
69,55 9 -56923 ±8 
303,71 12 -41801 ±9 
 
92,73 12 -56142 ±8 
379,63 15 -36378 ±9 
 
115,92 15 -55335 ±8 
455,56 18 -31469 ±10 
 
139,10 18 -54494 ±8 
531,49 21 -26880 ±9 
 
162,29 21 -53644 ±8 
607,41 24 -22610 ±10 
 
185,47 24 -52789 ±8 
683,34 27 -18588 ±9 
 
208,65 27 -51941 ±8 
759,27 30 -14818 ±10 
 
231,84 30 -51078 ±8 
835,19 33 -11246 ±9 
 
255,02 33 -50219 ±8 
911,12 36 -7824 ±9 
 
278,20 36 -49325 ±8 
987,05 39 -4620 ±10 
 
301,39 39 -48452 ±8 
1062,97 42 -1559 ±10 
 
324,57 42 -47536 ±9 
1138,90 45 1313 ±11 
 
347,76 45 -46630 ±8 
1214,83 48 4040 ±10 
 
370,94 48 -45681 ±9 
1290,75 51 6575 ±10 
 
394,12 51 -44742 ±9 
     
417,31 54 -43754 ±9 
     
440,49 57 -42761 ±9 
     
463,67 60 -41705 ±9 
     
486,86 63 -40654 ±9 
     
510,04 66 -39585 ±9 
     
533,23 69 -38439 ±9 
     
556,41 72 -37265 ±9 
     
579,59 75 -36074 ±9 
     
602,78 78 -34814 ±9 
     
625,96 81 -33528 ±9 
     
649,14 84 -32193 ±9 
     
672,33 87 -30791 ±9 
     
695,51 90 -29341 ±9 
     
718,69 93 -27822 ±9 
     
741,88 96 -26265 ±9 
     
765,06 99 -24644 ±9 
     
788,25 102 -22947 ±9 
     
811,43 105 -21228 ±9 
     
834,61 108 -19426 ±9 
     
857,80 111 -17546 ±9 
     
880,98 114 -15624 ±10 
     
904,16 117 -13632 ±9 
     
927,35 120 -11604 ±9 
 
20Table 6.6. CVR burnup calculation 
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76Figure 6.20. CVR comparison 
 
At BOL, it can be observed that CVR is less negative for the FCM fuel configuration. This 
happens because when the core is completely voided, carbon of the FCM fuel still maintains its 
contribution to the moderation process whereas for oxide fuel all the moderator is removed. 
This leads to a significant difference between neutron spectrums in both fuel assemblies, in 
such a way that FCM fuel is still capable to produce thermal fissions whereas oxide fuel loses 
almost all its probability. 
As time passes, CVR becomes less negative in both cases, but performing a different behavior 
as shown. For better understanding, it is very useful to plot keff values for both configurations 
before and after losing the water inside the core (see Figure 6.21). 
 
77Figure 6.21. Burnup calculation for keff with and without water in the core 
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As shown, the reactivity curves in presence of water are the same as obtained at the beginning 
of the chapter. It must be remembered that the higher stiffness of the FCM fuel reactivity curve 
has been explained by its higher depletion of 235U isotope, which leads to decrease keff as time 
passes. However, the CRV behavior of both fuel assemblies is also a result of the difference 
between them regarding to their keff values without water in the core, and it can be observed 
that FCM fuel curve decreases with burnup whereas oxide fuel curve increases significantly. 
In the case of the oxide fuel this behavior is due to the fission of TRU isotopes that have been 
accumulated during the cycle. As explained, neutron spectrum extremely changes becoming 
much harder in the case of the oxide fuel, which leads to optimize the fission probability of 
TRU (see Figure 6.22). 
 
78Figure 6.22. Fission probability of TRU in a thermal and fast neutron spectrum
32
 
 
As shown, the average fission probability of TRU increases significantly in a fast spectrum. This 
effect combined with the progressive depletion of 235U makes oxide fuel CVR curve less 
negative as approaching EOL. This TRU fission effect has been exemplified for the case of the 
242Pu isotope. As seen before in Figure 6.22, 242Pu isotope changes its fission probability from 
almost zero to about 50%, due to its higher fission cross section for high energies (see Figure 
6.23).  
                                                 
32
 Ernst Radermacher. Contribution of the Energy Amplifier to New Applications. CERN, Geneva, Switzerland. 
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79Figure 6.23. 
242
Pu fission cross section 
 
In addition, Figure 6.24 plots the mass of 242Pu calculated along burnup for each fuel assembly 
configuration and in both cases: with water and without water in the core. It can be noticed 
that the difference between 242Pu masses is much more significant in the case of the oxide fuel, 
in which a larger amount of 242Pu is fissioned because of the fast neutron spectrum existent 
after a LOCA. 
 
80Figure 6.24. 
242
Pu mass with and without water in the core 
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Finally, in the case of the FCM fuel, the TRU presence is very reduced comparing to oxide fuel 
due to its lower heavy metal mass. Moreover, the neutron spectrum does not become that 
much fast as commented, so the keff response without water in the system tends to experiment 
a similar behavior as for the case with water, reducing its value along burnup due to the 235U 
depletion. 
  
  
 
 
 
 
 
Chapter 7 
 
Conclusions 
 
 
This section is focused on exposing the conclusions obtained from the three stages this work is 
structured in, especially after the results analyses. In the end of the section, some of the 
possible proposals to continue with this project will be exposed. 
 
The model designing has showed that the use of FMC fuel increases enrichment requirements 
due to the geometry of the TRISO particle and the surrounding SiC matrix, and that it is hardly 
dependent on the packing fraction value and the size of the TRISO particles. Regarding to the 
simulation, SERPENT has proved to be a very useful tool to model the geometry of a fuel 
assembly, as well as prepared to model TRISO particles inside the desired matrix. By the 
comparison between two of the methodologies of defining TRISO particles, it has been noticed 
that the regular 3D array is a very useful way of modeling them, producing good results 
without extremely increasing time calculation. Various analyses showed that the number of 
neutrons and cycles used changes significantly the obtained results, as well as the definition of 
the burnup calculation, which is especially problematic because of needing a very short step-
length calculation to not produce very significant errors in the last steps. 
 
In relation to the reactivity curves study, the burnup simulations has shown that FCM fuel 
increases significantly the reactivity introduced by the fuel at BOL, basically due to its higher 
enrichment, the SiC neutron transparency and the extra thermalization factor of the carbon. 
However, the use of a lower amount of total heavy metal mass compared to oxide fuel 
decreases the breeding of 239Pu and 241Pu isotopes, leading to deplete faster the 235U isotope 
although producing the same total amount of energy. This characteristic is disadvantageous 
regarding to the neutron economy because of decreasing significantly the cycle length, but is 
advantageous in a non-proliferation point of view and in reducing the final amount of nuclear 
waste. 
 
Regarding to MTC, the use of FCM fuel gives a less negative feedback during the first half of 
cycle compared to oxide fuel due to the presence of an important amount of carbon in its 
composition, which counteracts the loss of moderation capability after an increase in water 
temperature. However, is has been observed that MTC is still significantly negative and as 
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stable as the oxide fuel. The difference between both configurations appears at EOL, when 
FCM fuel MTC curve turns to dangerous positive feedbacks because of a higher absorption 
impact of fission products as 149Sm and 135Xe and a lack of 240Pu resonance absorptions. Last 
but not least, the presence of boron in the water represents a very significant positive 
contribution to the MTC, which make the use of FCM fuel much more delicate. 
 
In the case of the FTC, the low slowing down power of the Carbon makes from it an especial 
inefficient moderator in the presence of Doppler Effect, tending to resemble FCM fuel behavior 
to oxide fuel. However, approaching EOL the fission products contribution becomes dominant, 
leading to make FTC rapidly positive in the case of FCM fuel. 
 
Finally, and oppositely to MTC and FTC, CVR analysis showed a safer behavior for the FCM fuel 
in case of a LOCA, especially at EOL. Its lower accumulation of TRU and the presence of Carbon 
in its composition maintains neutron spectrum in relatively thermal energies, smoothing the 
abrupt change in the neutron spectrum. 
 
In general terms, after the neutronics analysis it is concluded that FCM fuel tends to give a 
more positive feedback compared to oxide fuel, especially at EOL. However, the use of FCM 
fuel is extremely advantageous in terms of thermal conductivity, cladding behavior and 
radiation containment, and even in non-proliferation and nuclear waste aspects as obtained, 
which makes absolutely recommendable further research in the use of FCM fuel in LWRs. 
 
For future studies, it could be interesting to continue this work in mainly three different ways. 
In first place, it would be interesting to perform the same neutronics analysis but for higher 
packing fraction values. In this thesis a 40% PF value has been used, but last studies are 
focused on increasing UN TRISO particles packing fraction, even talking about values around 
60%. It would be interesting to see whether by decreasing FCM fuel enrichment requirements 
and enhancing its self-shielding, safety parameters look more alike in both configurations. 
Secondly, taking into account that SERPENT accumulates a significant error for the last steps of 
the burnup calculation and that a detailed comparison between both configurations is 
especially important at EOL, it would be interesting to run a whole reactor steady state 
calculation at EOL, by using a more realistic spent fuel configuration in the core. Lastly, it would 
be a significant improvement to simulate a better designed FCM fuel configuration, by 
obtaining more exhaustive information regarding to thermo-hydraulic and power density 
compatibility studies. 
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